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Abstract 
 
Imidazolium Dicyanamide based Room Temperature Ionic Liquids as Latent Curing 
Agents for Epoxy Systems 
 
Amutha Jeyarajasingam 
Advisor: Giuseppe R. Palmese, Ph.D. 
 
Epoxy resins are used extensively as major components in adhesive and coating 
formulations, as encapsulants for electronic devices, and as matrix materials in structural 
composites. Latent curing agents for epoxies are important in the design of formulations 
where extended room temperature stability is required.  Recently it was found that some 
room temperature ionic liquids (RTILs) like 1-ethyl-3-methylimidazolium dicyanamide 
(EMIMDCN) exhibit latent cure behavior.  Such RTILs are completely miscible in 
DGEBA resins and initiate cure at elevated temperatures (> 80°C). However, the reaction 
behavior, and the properties of the cured materials had not yet been known. 
The overall objective of this work was to obtain a better understanding of epoxy 
thermosets prepared using imidazolium dicyanamide RTILs as latent initiators.  Two 
specific aims are associated with this work; (1) to investigate the reaction behavior of 
epoxy resins with EMIMDCN, and (2) to evaluate the processing and materials 
characteristics of this new class of latent epoxy systems. 
The results of this work represent significant advancements in the understanding 
of these systems.  The first-time observation of adduct formation, its isolation, and its 
characterization, have resulted in significant progress towards elucidating the cure 
  
xxvii 
mechanism of the new system. Moreover, for the first time the mechanical and 
processing properties of these systems are reported indicating materials that have 
exceptional processing and behavioral characteristics.  
  
  
xxviii 
 
 
  
1 
 INTRODUCTION AND BACKGROUND CHAPTER 1. 
 
 Motivation and Objectives 1.1. 
 
Thermosetting resin systems are based on monomeric or oligomeric molecules that 
upon reaction form a crosslinked polymer network that cannot be made to flow upon 
heating. The formation of crosslinks by chemical reactions changes the properties of 
resin. For example, the greater the degree of crosslinking the higher the glass transition 
temperature (Tg) of the resin will be. Two main features are associated with the curing 
process of thermosetting systems. These are gelation and vitrification. Gelation 
corresponds to the incipient formation of an infinite network resulting in a material that 
can support a load, and vitrification occurs when the temperature of cure is surpassed by 
the Tg of the changing resin. 
Epoxy resins are a class of thermosetting systems that have been used for over 60 
years. The chemical reactions used to crosslink epoxies depend on a number of factors, 
chief among these is the selection of curing agent but cure conditions also play an 
important role. Amines are the major class of curing agents used for epoxy cure. Amine 
curing agents polymerize with epoxies via a step growth process. Chain polymerization 
of epoxies is also possible via anionic or cationic polymerization using appropriate 
initiators.  
For many epoxy systems once the epoxy and curing agents are mixed, reaction 
begins, so that great care must be taken to ensure processing is completed before gelation 
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occurs. Moreover, there is generally a restricted processing window (time and 
temperature) for which viscosity is adequate for mold-filling and infiltration to occur.  
Epoxy resins are used extensively for numerous applications. They are used in the 
formulation of adhesives and coatings, as encapsulants for electronic devices in 
lithography, and as matrix materials in structural composites. Use in composites can be 
found in the infrastructure, industrial, sporting goods, automotive and aerospace 
industries
19
. One current and impressive use of epoxy resins is for the fiber-reinforced 
composite material used to build most of the Boeing 787 Dreamliner including its 
fuselage. 
These are some applications where very broad processing windows are required. For 
example often adhesives used in film form require long shelf lives during which minimal 
changes in rheological characteristics occur, and filament winding of composites requires 
that the resin bath remains inert during processing. In either case the system must cure 
rapidly when heated to a particular temperature. Combinations of epoxy resins and curing 
agents that can do this are known as latent systems. Numerous latent systems have been 
developed over the past several decades, but they often have drawbacks that include poor 
miscibility, difficulty in processing, and inferior mechanical characteristics, particular 
fracture toughness. 
Recently it was discovered that certain room temperature ionic liquids (RTILs) are 
completely miscible in DGEBA resins and are capable of initiating cure at elevated 
temperatures (> 80°C)
1
. At the same time the RTIL-DGEBA mixture remain liquid for 
many months at ambient storage conditions. Thus, this represents a new class of latent 
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curing agents for epoxy resins. The class of RTILs that initiates polymerization in this 
way are combinations of  imidazolium cations and dicyanamide anions that include 1-
ethyl-3-methylimidazilium dicyanamide (EMIMDCN), 1-butyl-3-methylimidazolium 
dicyanamide (BMIMDCN), 1-(2-hydroxyethyl)-3-methylimidazolium dicyanamide (1-
2OHEMIMDCN) and 1-(3-cyanopropyl)-3-methylimidazolium dicyanamide (1-
3CNPMIMDCN). 
The overall objective of this work is to obtain a better understanding of epoxy 
thermosets prepared using imidazolium RTIL as latent initiators. There are two specific 
aims associated with this work. 
1. The first aim is to investigate the reaction behavior of epoxy resins with 
EMIMDCN and to propose possible reaction paths leading to polymerization. 
2. The second aim is to evaluate the processing and materials characteristics of this 
new class of latent epoxy system. 
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 Overview 1.2. 
 
The remaining sections of this chapter provide background information regarding (a) 
latent curing epoxy systems, (b) epoxy cure mechanisms, and (c) general information 
regarding RTILs. 
In Chapter 2, Aim 1 is addressed. The cure behavior of mixtures of DGEBA and 
EMIMDCN is evaluated and reaction products analyzed using a number of analytical 
techniques that provide insight into the cure products and mechanism of the novel 
system. 
In Chapter 3, Aim 2 is addressed. The processing properties and mechanical behavior 
characteristics of DGEBA-EMIMDCN systems were investigated. In particular, the roles 
of EMIMDCN concentration and DGEBA molecular weight on important properties like 
Tg, modulus and fracture toughness are discussed providing insight into potential future 
uses of this new class of epoxy materials. 
The conclusions and recommendations are given in Chapter 4. Although the work 
presented in main chapters of this work relate only to EMIMDCN, studies were also 
conducted using BMIMDCN, 1-2OHEMIMDCN and 1-3CNPMIMDCN. The results and 
conclusions from these studies mirror the EMIMDCN work closely and are included in 
the appendices as supporting information. 
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 Background 1.3. 
 
 Latent Epoxy Systems 1.3.1. 
 
There are numerous latent curing agents including imidazoles, dicyanamides, 
organic acid hydrazides, and boron trifluoride - amine complexes that are currently used 
to cure epoxy resins.  The chemical structures of these curing agents are given in Table 
1.1.  
Imidazoles consist of five membered ring containing two nitrogens. Imidazoles 
induce anionic polymerization of epoxy resins. Imidazole cure is characterized by a 
relatively long pot life, the ability to form cured resin with a high heat deformation 
temperature by thermally treating at moderate conditions for a short time. There are 
different substituted forms of imidazoles designed to improve the workability by 
achieving a high pot life and rapid curing at a desired temperatures ranging from 100°C 
to 180°C. Substituted imidazoles provide pot life with epoxy from 2 to 20 days, and cure 
in about 2 hours at 100°C. Table 1.1 provides different types of imidazoles currently used 
in industry. 
Dicyanamides (DICY) are latent curing agents with a high melting point. When 
dispersed in epoxy resin in the form of fine powder the result is a system with a pot life 
of 6 to 12 months. These systems require heating to160°C to 180°C for one hour to 
several hours for curing. DICY is solid at room temperature and tends to be insoluble 
with epoxy at room temperature. Although DICY has excellent latency, higher curing 
temperature and longer curing times they might require cure accelerators to be used. 
These accelerators currently used include aromatic amines, tertiary amines and 
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imidazoles. One of the drawbacks associated with using DICY is proper dispersion in the 
epoxy
24
. 
 
Latent Curing 
Agents 
Structure 
Imidazole 
 
Boron trifluoride-
amine complex 
 
Dicyanamide 
 
Organic-acid 
hydrazide  
 
Table 1-1: Structures of some latent curing agents for epoxy resins 
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 Epoxy Cure Mechanisms 1.3.3. 
 
 Epoxy-Imidazole Reaction 1.3.3.1. 
 
The Epoxy-Imidazole reaction 
7, 9
 consists of two adducts and two etherification 
reactions. Figure 1.1 shows the proposed mechanism of epoxy/imidazole. The interesting 
feature of this reaction is the formation of adduct structures containing alkoxide ionic 
species that initiate the anionic polymerization of epoxy to form the crosslinked polymer 
structure
13
.   The adduct formation reaction is clearly discernable in calorimetric studies. 
 
Figure 1-1: Imidazole-Epoxy curing reaction mechanism after ring opening 
polymerization
23 
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 Epoxy-Amine Reaction 1.3.3.2. 
 
Primary, secondary and tertiary amines are employed as basic curing agents for 
epoxy technology. Aliphatic and aromatic amines have been used as curing agents for 
epoxy resins. The curing rate of the amine depends on the type and loading of amine, and 
the type of epoxy resins. Aromatic amines have lower basicity than aliphatic amines and 
cure slowly at room temperature. Normally, the curing of the aromatic amines requires 
heating in to two steps. The first heating is carried out at lower temperature of 80°C for 
lower heat generation, and the second heating requires at higher temperature of 150°C to 
170°C
22
.   Aliphatic amines react readily with glycidyl ethers at room temperature are 
often used for low temperature curing applications. 
The epoxy-amine reaction occurs via a nucleophillic attack of the amine nitrogen 
on the terminal carbon of the epoxy group, followed by ring opening of the epoxy. The 
mechanism has been known to be a SN2 type reaction, shown in Figure 1.2. The reaction 
of primary amines with epoxy groups results in the generation of a secondary that can 
also react to open the epoxy ring. Primary amine-epoxy reactions are generally faster than 
secondary amine-epoxy reactions with the relative rates of reaction being strongly 
dependent on the type of amine used as well as the environment.
22
  The epoxy-amine ring 
opening reaction is catalyzed by hydroxyl moieties so that autocatalytic behavior is 
observed since hydroxyl groups are formed as the epoxy ring is depleted. 
 
Figure 1-2: Epoxy-Amine cure reaction mechanism
18, 22
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 Anionic Polymerization 1.3.3.3. 
 
Anionic polymerization can be initiated by Lewis bases like tertiary amines, 
imidazoles, or ammonium salts that open the epoxy ring via nucleophilic attack. The 
ring-opened epoxy contains an alkoxide group that also opens epoxy rings by 
nucleophilic attack regenerating the alkoxide group and resulting in polymer formation 
through anionic chain polymerization
34
. The general reaction mechanism of epoxy 
anionic polymerization is shown in Figure 1.3. 
  
 
 
Figure 1-3:  Mechanism of epoxy anionic polymerization 
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 Room Temperature Ionic Liquids  1.3.4. 
 
Room Temperature Ionic Liquids (RTIL) are defined as salts that are liquid over a 
wide temperature range including room temperature. Variations of cation and anion 
combinations can produce a very large number of ionic liquids. One of the earliest room 
temperature ionic liquids was [EtNH3]
+
[NO3]
- 
and its synthesis was published in 1914. 
Much later, a series of ionic liquids based on mixtures of 1,3-dialkylimidazolium or 1-
alkylpyridinium halides and trihalogenoaluminates, was developed for use as 
electrolytes
31
. In 1992, Wilkes and Zawarotko reported the preparation of ionic liquids 
with alternative, 'neutral', weakly coordinating anions such as hexafluorophosphate 
([PF6]
-
) and tetrafluoroborate ([BF4]
-
), allowing a much wider range of applications for 
ionic liquids. There are vast numbers of different ionic liquids but five major cations, 
imidazolium, pyrrolidinium, ammonium, pyrridinium and sulfonium, and eight major 
anions, dicyanamide, halide, nitrate, acetate, ethylsulfate, tetrafluoro borate, hexafluoro 
phosphate and tosylate form the major cation/anion combinations
32
.  Their chemical 
structures are given in Figure 1.4 
Ionic liquids are called “Designer Solvents” because they can be made to suit a 
particular need, such as dissolving certain chemicals in a reaction or extracting specific 
molecules from a solution. Properties such as melting point, viscosity, density, and 
hydrophobicity can be varied by simple changes to the structure of the ions
25
. For 
example, the melting points of 1-alkyl-3-methylimidazolium tetrafluoroborate and 
hexafluorophosphates are a function of the length of the 1-alkyl group, and form liquid 
crystalline phases for alkyl chain lengths over 12 carbon atoms. Another important 
property that changes with structure is the miscibility of water in these ionic liquids. For 
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example, 1-alkyl-3-methylimidazolium tetrafluoroborate salts are miscible with water at 
25°C where the alkyl chain length is less than 6, but at or above 6 carbon atoms, they 
form a separate phase when mixed with water. This behavior can be beneficial when 
carrying out solvent extractions or product separations. The anion chemistry also 
influences the properties of ionic liquids often determining air and moisture stability
30
. 
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Figure 1-4: Chemical structures of common cations and anions in Room Temperature 
Ionic Liquids (RTILs) 
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 REACTION BEHAVIOR OF 1-ETHYL-3-CHAPTER 2. 
METHYLIMIDAZOLIUM DICYANAMIDE WITH EPOXY RESINS: 
EVIDENCE OF ADDUCT FORMATION AND PROPOSED REACTION 
SCHEME 
 
 Introduction 2.1. 
 
Previous work has shown that 1-ethyl-3-methyimidazolium dicyanamide 
(EMIMDCN) initiates the polymerization of diglycidyl ether of bisphenol A
1
.  However, 
the curing mechanism is not known. Characteristic cure profiles obtained by DSC suggest 
a two stage process. The work described in this chapter provides insight into the reaction 
mechanism of this new class of latent epoxy curing agents. In particular, an attempt has 
made to isolate the adduct that is believed to initiate polymerization and to characterize it. 
There are four major sections in this chapter. Section 2.2 describes the materials 
and procedures used. Section 2.3.1 presents evidence that supports the formation of an 
epoxy-EMIMDCN adduct. The reaction products of stoichiometric quantities of PGE and 
EMIMDCN analyzed and discussed in section 2.3.2. Section 2.3.3 presents the proposed 
structures of reaction products and associated reaction steps that lead to polymerization. 
Influence of water in epoxy reaction behavior discussed in section 2.3.4. Conclusions are 
given in section 2.4. 
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 Experimental 2.2. 
 
 Materials 2.2.1. 
 
The chemical structures of materials used in this study are given in Table 2.1. 
Diglycidyl ether of bisphenol A (Epon ®828, EEW = 186±3 g/mol) obtained from Miller 
Stephenson. The ionic liquid 1-ethyl-3-methylimidazolium dicyanamide (EMIMDCN, 
molecular weight = 177.21 g/mol) purchased from Solvent Innovation GmBh and 1, 2-
Epoxy-3-phenoxy-propane, 99% (Phenyl Glycidyl Ether, molecular weight = 150.17 
g/mol) purchased from sigma Aldrich. Epon®828, Phenyl Glycidyl Ether (PGE) and 
EMIMDCN were dried using 12Å molecular sieves for 24 hrs at ambient temperature of 
~22°C and left in an oven at 110°C over night before use. 
                          
                                    
 
1, 2-Epoxy-3-phenoxy-
propane (PGE) 
  
Diglycidyl ether of 
bisphenol A (n=~0.12, 
Epon®828) 
 1-ethyl-3-
methylimidazolium 
dicyanamide 
(EMIMDCN) 
 
Table 2-1: Chemical structures of phenyl glycidyl ether (PGE), DGEBA (Epon®828) 
and 1-ethyl-3-methylimidazolium dicyanamide (EMIMDCN) 
O
O
O
O
O
OH
CH
3
CH
3
O
CH
3
CH
3
n
 
NN +
NN
 
N(CN)
2
 +
-
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 Resin Preparation 2.2.2. 
 
 Resin samples were prepared by dispersing known wt.% or mol % of EMIMDCN 
in Epon®828 or PGE. The Epon®828 or PGE resin mixtures were prepared by 
sufficiently mixing Epon®828 and EMIMDCN, or PGE and EMIMDCN for 15 minutes 
at ambient temperature of 22-25°C.  
 
 Differential Scanning Calorimeter Analysis (DSC) 2.2.3. 
 
Heat evolution resulting from the epoxy ring opening reaction for mixtures of 
Epon®828/EMIMDCN as a function of temperature were measured using a TA 
instrument Q2000 DSC. 6-10 mg samples were tested in hermetically sealed pans using 
the following standard method. Samples were allowed to equilibrate at 30°C and then 
heated at a rate of 2°C/min from 30°C to 250°C. The temperature ramp studies were used 
to determine the number of possible steps involved in the reaction and the Tg of the resin 
mixture was determined by low temperature DSC before the onset of cure. Isothermal 
studies were also conducted to evaluate cure behavior. 
 
 Near Infrared Spectroscopy (Near-FTIR) 2.2.4. 
 
 Fourier Transform Infrared Spectroscopy in the near-IR was used primarily to 
measure epoxy conversion
3
. A Thermo Nicolet Nexus 670 FTIR was used to obtain 
spectra in the range wavelength 4000-8000 cm
-1
. The instrument was used in absorbance 
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mode, taking 24 scans per spectrum with a resolution of 4 cm
-1
. Characteristic 
absorbances of epoxy groups are found at 4530 cm
-1
 and 6066 cm
-1
 
24
. 
 
 Mid-FTIR 2.2.5. 
 
 Mid-FTIR (400 - 4000 cm
-1
) was conducted using a Nicolet Magna-IR 560 
spectrometer. Transmission and attenuated total reflectance (ATR) experiments were 
conducted. ATR experiments were conducted using a ZnSe crystal and were done at 
room temperature. These experiments were used to characterize reactants and products of 
epoxy-EMIMDCN reaction. In-situ cure experiments of epoxy-EMIMDCN mixtures 
were performed in transmission mode using heated sodium chloride plates separated by a 
0.015 mm Teflon® spacer. The cure set-up is described in detail in elsewhere
7
. 
 
 
 Sized Exclusion Chromatography (SEC) 2.2.6. 
 
A Waters 515 GPC was used having PL gel (Polymer Laboratories Inc.) columns 
with fixed (50 Å) and mixed pore sizes in series. The columns were equilibrated and 
operated at 30 C using tetrahydrofuran (THF) as the elution solvent at a flow rate of 1 
ml/minute. The column effluent was monitored using Waters 2487 dual UV absorbance 
detector operating at 270 nm and 254 nm wave lengths and a Waters 2410 refractive 
index detector.  Samples were prepared by dissolving 2 mg of sample in 1 ml of THF.  
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 Nuclear Magnetic Resonance Analysis (NMR) 2.2.7. 
 
The analysis of PGE-EMIMDCN mixtures before and after reaction was 
performed using a 500 Hz Unity Inova Varian NMR instrument operated with VNMR 
6.1B software. Spectra were acquired at 25°C with Methyl Sulfoxide-d6 99.9 atom % D 
(contains 0.03% v/v TMS) solution. Pulse sequence was as follows: relaxation delay (0.3 
s), pulse 54.6 degree, acquisition time (3.744 s), width (4,000.00 Hz), number of data 
points (32,768) and total acquisition time (1 min 4 s). The integration of NMR peak was 
carried out using MestReNova Version 6.1.1-6384. Samples were prepared by dissolving 
150 mg of sample in 1 ml of solvent.  
 
 
 Kinetics Studies by Near Infrared Spectroscopy (Near-IR) 2.2.8. 
 
 Near-IR isothermal studies were conducted using a Thermo Nicolet Nexus 670 
FTIR. The instrument was used in absorbance mode, taking 24 scans with the resolution 
of 4 cm
-1
. A background spectrum was taken by using empty glass tubes at the beginning 
of each test. An aluminum block set-up as shown in Figure 2.1 was used to maintain the 
temperature for studies of cure isothermal kinetics to within ±1°C. The block has two 
holes on each side to insert a cartridge heater. In the middle of the block there is a hole in 
which a sealed sample tube with an inner diameter of 0.15 ± 0.05 mm is placed. The low-
hydroxyl silica glass tube is adjusted so that IR beam passes through the sample. The 
tubes used for these experiments were hermetically sealed. 
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 Isothermal studies were performed at 90°C, 100°C, 110°C and 120°C for 8 to 15 
hrs and the scans were taken every 2 minutes for 90°C and 100°C and 1 minute for 110°C 
and 120°C. Different concentrations (excess EMIMDCN) of PGE: EMIMDCN (1: 1.5 
mol, 1: 2 mol, 1:.2.5 mol, 1: 3 mol) were used in this study. Epoxy conversion (α) was 
calculated by measuring the peak height at 4530 cm
-1
 and using equation 2.1, which 
assumes Beer-Lambert’s Law is valid. In this equation ABS (t=0) is the peak height 
measured at the initial time and ABS (t) is for time thereafter.  
)0(
)(
1
tABS
tABS
            (2.1) 
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Figure 2-1: Schematic showing the aluminum block set-up used to monitor the cure-
kinetics
1
. 
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 Results and Discussion 2.3. 
 
 
 Evidence for Formation of an Adduct 2.3.1. 
 
The following sections provide evidence of the formation of adduct species by the 
reaction of EMIMDCN and epoxy. 
 
 Reaction Behavior showing two peaks 2.3.1.1. 
 
The isothermal and temperature ramped reaction behavior of EMIMDCN 
mixtures with DGEBA suggest that there are at least two reaction steps associated with 
the cure of this system.  Figure 2.2 shows dynamic DSC profiles for mixtures of 
EMIMDCN and Epon®828 containing from 5 wt.% to 12 wt.% EMIMDCN.  As was 
previously found
 
two peaks are observed
1
.  One has a maximum just below 130°C which 
remains in a fixed position and the second at a higher temperature (130-160°C) that 
decreases in temperature as the EMIMDCN concentration is increased.   Moreover, the 
relative prominence of the first peak increases with increasing EMIMDCN concentration.  
This leads to the hypothesis that two reactions are occurring.  One could be a reaction 
between EMIMDCN and epoxy moieties to form an adduct of the two, and the second an 
epoxy polymerization reaction such as etherification.  The latter could be a result of 
anionic initiating species derived from the adduct so that the greater the adduct 
concentration the more rapid the reaction.  This could explain the decreasing maximum 
temperature of the second peak. 
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Isothermal DSC experiments were conducted to complement the dynamic study. 
Representative DSC isothermal traces for experiments conducted at 120°C for different 
EMIMDCN/Epon®828 are shown in Figure 2.3.  The isothermal behavior is also 
characterized by the presence of two peaks for the 5 wt.%, 7 wt.%, 9 wt.% and 20 wt.% 
cases.  As higher EMIMDCN concentrations are used the reaction associated with the 
second peak becomes more vigorous so that the second peak becomes more intense 
relative to the first.  These results are consistent with the formation of an adduct leading 
to active centers that initiate the polymerization of epoxy. 
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Figure 2-2: DSC dynamic ramp analysis of 2 °C/min for Epon®828 with different 
concentrations 1-ethyl-3-methylimidazolium dicyanamide (●) 5 wt.%; (■) 9 wt.%; (▲) 
12 wt.%. Results suggest the reaction proceeds with at least two stages.  
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Figure 2-3: DSC isothermal analysis at 120°C for Epon®828 with different 
concentrations 1-ethyl-3-methylimidazolium dicyanamide (●) 5 wt.%; (■) 7 wt.%; (▲) 9 
wt.%; (♦) 20 wt.%. Results suggest the reaction proceeds with at least two stages.  
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 Influence of Stoichiometry on Tg (Epon®828-EMIMDCN) 2.3.1.2. 
 
The hypothesis that an adduct of EMIMDCN with an epoxy moiety is formed 
followed by epoxy polymerization reactions was tested by varying the composition of 
EMIMDCN/Epon®828 mixtures over a wide range and measuring the Tg of the resulting 
products. At high molar ratios of EMIMDCN to epoxy reactive group (r >1) a mixture of 
adduct (DGEBA reacted with 2 moles of EMIMDCN) and unreacted EMIMDCN would 
be expected as a product. At low molar ratios of EMIMDCN to epoxy reactive group (r < 
1) epoxy polymerization is expected, and ideally, at the EMIMDCN-epoxy group 
stoichiometric point for adduct formation (r = 1, 2 mole EMIMDCN with 1 mole 
DGEBA) only adduct would be present.   A plot of Tg obtained from the DSC ramp 
studies the Tg of the reacted Epon®828/EMIMDCN systems as a function of EMIMDCN 
to epoxy group molar ratio (r) is shown in Figure 2.4. The Tg of the material formed at 
the stoichiometric point is 8.32°C.  For values of r > 1, Tg decreases and for r < 1, Tg 
increases.  It is interesting to note there is a jump increase in Tg from 282K to 291K for 
values of r just below 1. This would be consistent with the formation of some polymeric 
materials when a slight excess of epoxy is present. There is no observed statistically 
significant change in the Tg for EMIMDCN to epoxy ratio between 0.97 to 0.8. As this 
molar ratio decreases below 0.8 a significant increase of Tg is observed that is consistent 
with and increasing fraction of polymerized epoxy. 
If it is assumed that for r = 1 only adduct is present, that for r > 1 the resulting 
material is comprised of adduct and ionic liquid, and that for r < 1 the resulting material 
is comprised of adduct and polymerized epoxy, then the Fox equation, Equation 2.2, can 
be used to predict Tg as a function of EMIMDCN to epoxy molar ratio.  Based on the Tg 
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being  -50.1°C for EMIMDCN, Tg = 8.32°C for the adduct and a Tg = 180°C for the 
epoxy polymer a line corresponding to predictions using Equation 2.2 is also plotted in 
Figure 2.4. The dependence of predicted Tg values on EMIMDCN to epoxy molar ratio 
parallels the Tg behavior observed experimentally well.  
 
)(
.%
)(
.%
)(
.%1
PolymerT
Polymerwt
AdductT
Adductwt
EMIMDCNT
EMIMDCNwt
T gggg
   Equation 2.2 
 
The observed dependence of Tg on EMIMDCN-epoxy stoichiometry supports the 
hypothesis that an adduct is formed between EMIMDCN and epoxy containing 
monomers.  These results also suggest that a mixture of EMIMDCN with a 
monofunctional epoxy at a stoichiometric ratio would result primarily in higher 
molecular weight adduct molecule.  
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Figure 2-4: DSC analysis of different concentrations of 1-ethyl-3-methylimidazolium 
dicyanamide with Epon®828 vs. Tg. The experimental values (●) and the calculated 
values (─) based on the Fox equation. Sudden rise in Tg from 282K to 291K explains the 
introduction of cross link structure. Also, strong evidence for adduct formation is the 
change in slope at the stoichiometric point. 
 
EMIMDCN (molar concentration) 
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 EMIMDCN-PGE reaction product analyzed by SEC (Adduct) 2.3.1.3. 
 
Size Exclusion Chromatography (SEC) was used to analyze the reaction products 
of PGE with EMIMDCN at 1:1 and 1:2 molar ratios. The results are shown in figures 2.5 
and 2.6 respectively. In both cases the reaction was conducted at 120°C for 120 minutes. 
Figure 2.5 and 2.6 show SEC traces for mixtures before and after reaction using the 254 
mm detector. The SEC traces in Figure 2.5 and 2.6 in the reaction mixture show a 
prominent peak at an elution time of 17.2 min that corresponds to PGE. The EMIMDCN 
does not appear in these traces. The second trace in Figure 2.5 is for the reaction products 
of 1:1 molar PGE: EMIMDCN. Here the peak at 17.2 min is not present, but a broader 
peak at 15.9 min appears. Figure 2.6 shows similar behavior for the 1:2 molar ratio of 
PGE: EMIMDCN mixture. Thus the PGE peak seems to have shifted to lower elution 
time suggesting the formation of an adduct having a higher molecular weight. A small 
peak is observed at 9.5 min in both the reacted 1:1 and 1:2 PGE: EMIMDCN system. 
This represents small amounts of higher molecular weight material. However, this is also 
present in the unreacted traces. 
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Figure 2-5: SEC Traces of the reaction of PGE: EMIMDCN = 1:1 molar at 120°C for 
overtime up to 2 hrs. PGE: EMIMDCN = 1:1 at 0 min (○) and 2 hours (□). This shows 
the complete reaction of epoxy and the formation of a higher molecular weight 
compound-adduct. 
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Figure 2-6: SEC Traces of the reaction of PGE: EMIMDCN = 1:2 molar at 120°C for 
overtime up to 2 hrs. PGE: EMIMDCN = 1: 2 at 0 min (○), 30 minutes (□) and 2 hours 
(◊). This shows the complete reaction of epoxy and the formation of a higher molecular 
weight compound-adduct.  
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 EMIMDCN-Epon®828 reaction product description 2.3.1.4. 
 
The equal molar concentration (based on epoxy moieties) of Epon®828 with 
EMIMDCN reaction at 120°C for 2 hrs resulted in a paste. This further supports the 
contention of adduct formation because in the absence of such a reaction crosslinking and 
gelation would occur. 
 
 Reaction Behavior of PGE with EMIMDCN 2.3.1.5. 
 
The reaction kinetics of the adduct reactions were obtained from Near-FTIR 
isothermal analysis. Adduct kinetics studies were performed using excess concentration 
of EMIMDCN to suppress the etherification reaction. Figure 2.7 shows representative 
plot of epoxy peak disappearance during cure for PGE: EMIMDCN = 1: 1.5 moles. The 
peak height 4530 cm
-1 
was used to evaluate conversion using equation 2.1. Because 
excess EMIMDCN was used in all experiments PGE is the limiting reactant. So, upon 
completion of the reaction the mixture should contain adduct and left over EMIMDCN as 
was discussed in section 2.3.1.2. 
Figure 2.8 shows the epoxy conversion as a function of time for reactions 
conducted isothermally at 90, 100, 110 and 120°C. As expected, epoxy conversion took 
longer at lower temperatures. The results also show complete epoxy conversion for all 
temperatures. Assuming the reaction in equation 2.3 follows second order kinetics, 
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)()()( AAdductILEMIMDCNEPGE ka         (2.3) 
then the rate expression for PGE and EMIMDCN reaction and adduct formation 
are given by equations 2.4, 2.5 and 2.6 respectively. Moreover, using PGE as the limiting 
reactant and X as the amount of PGE reacted, equation 2.7 is obtained which upon 
integration yields equation 2.8. 
 
]][[
][
EMIMDCNPGEk
dt
PGEd
a         (2.4) 
]][[
][
EMIMDCNPGEka
dt
EMIMDCNd
      (2.5) 
]][[
][
EMIMDCNPGEka
dt
Adductd
      (2.6) 
)])([]([ XEMIMDCNXPGEka
dt
dX
     (2.7) 
tkPGEEMIMDCN
XPGEEMIMDCN
PGEXEMIMDCN
a)])0([)]0(([
))]0()([0([
)]0()[)0(([
ln  (2.8) 
 
In this equation, [PGE] is the epoxy concentration at time t, [PGE (0)] is the 
initial epoxy concentration, [EMIMDCN] is the 1-ethyl-3-methylimidazolium 
dicyanamide concentration at time t, [EMIMDCN (0)] is the 1-ethyl-3-
methylimidazolium dicyanamide initial concentration, ka is the reaction rate constant for 
  
34 
adduct reaction and X epoxy conversion that is obtained from the experiments. Thus plots 
of  tkPGEEMIMDCN
XPGEEMIMDCN
PGEXEMIMDCN
a)])0([)]0(([
))]0()([0([
)]0()[)0(([
ln  vs. t should yield linear relationships where the 
slope of tkPGEEMIMDCN
XPGEemimdcn
PGEXEMIMDCN
a)])0([)]0(([
})]0(){[0([
)]0(}[)0({
ln from which ka can be readily obtained. Figure 
2.9 shows such plots for 1:1.5 and PGE: EMIMDCN. There is a strong correlation for all 
temperature considered for the time ranges plotted which correspond to a maximum 
conversion of ~30%. Therefore, at least during the first part of the reaction second order 
kinetics with respect to PGE and EMIMDCN concentration are followed. 
Table 2.2 show the results for ka obtained from experiments conducted with PGE: 
EMIMDCN molar ratios of 1:1.5, 1:2.0, 1:2.5 and 1:3.0 at temperatures of 90, 100, 110 
and 120°C. Generally the reaction rate constants obtained for each composition at a given 
temperature are consistent. The agreement is greater at high temperatures.  
An Arrhenius analysis was conducted based on the data in Table 2.2. An 
Arrhenius plot for the 1:1.5 PGE to EMIMDCN molar ratio is given in Figure 2.10 and is 
typical for the rest. The activation energies (Ea) and frequency factor (A) are summarized 
in Table 2.3 for the various concentrations studied. The values of Ea and A are 
remarkably consistent with the average Ea being 104±19.4 kJ/mol and ln A 3.4 sec
-1. 
This 
suggests that the second order behavior is followed over a wide range of compositions 
when excess EMIMDCN is used.  
Using the kinetics parameters obtained above, Figure 2.11 gives predicted epoxy 
conversion as a function of time in comparison to experimental data. It is interesting to 
note the model only fits the first 40-50 % of the epoxy conversion data, subsequently 
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experimental conversion becomes faster than the model predicts. This suggests other 
factors such as the presence of water may be influencing epoxy conversion.  The 
potential influence of water is discussed in Sections 2.3.3 and 2.3.4.  
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Figure 2-7: Near-FTIR isothermal spectroscopy of epoxy conversion at 4530 cm
-1
 for 
PGE: EMIMDCN = 1:1.5 moles isothermal at 120°C. Epoxy conversion was measured 
using peak height method. 
 
 
 
 
Epoxy peak 
4530 cm-1 
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Figure 2-8: Near-FTIR spectroscopy of epoxy conversion of PGE:EMIMDCN = 1:1.5 
moles at (ο) 90°C; (□) 100°C; (◊) 110°C; and (x) 120°C. With the increase of isothermal 
cure temperature, maximum conversion (100%) appears at shorter time.  
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Figure 2-9: Second order kinetics analysis of the adduct reaction for the cure of 1 mole 
of PGE with 1.5 moles of EMIMDCN at (ο) 90°C; (□) 100°C; (◊) 110°C; and (X) 120°C, 
which fits initial portion of reaction. 
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Figure 2-10: Arrhenius plot determined from second-order kinetics analysis of the 
adduct reaction for the cure of 1 mole of PGE with 1.5 moles of 1-ethyl-3-
methylimidazolium dicyanamide, which fits well from the ka determined from the initial 
portion of reaction. 
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Composition 
Adduct reactions 
ka x 10
3
 (M
-1
·sec
-1
) 
90°C 100°C 110°C 120°C 
1 mol PGE / 1.5 mol EMIMDCN 0.018 ± 0.007 0.031 ± 0.002 0.077 ± 0.002 0.230 ± 0.0005 
1 mol PGE / 2.0 mol EMIMDCN 0.023 ± 0.011 0.030 ± 0.008 0.069 ± 0.005 0.226 ± 0.0012 
1 mol PGE / 2.5 mol EMIMDCN 0.015 ± 0.006 0.037 ± 0.010 0.074 ± 0.003 0.222 ± 0.009 
1 mol PGE / 3.0 mol EMIMDCN 0.013 ± 0.001 0.033 ± 0.005 0.066 ± 0.007 0.198 ± 0.004 
AVERAGE / STDEV 0.017 ± 0.006 0.033 ± 0.006 0.072 ± 0.004 0.228 ± 0.004 
 
 Table 2-2: Rate constant ka for the adduct reactions determined from isothermal FTIR 
kinetics Analysis. All concentrations fit well. 
 
Composition 
Adduct reactions 
Ea (kJ/mol) ln A (sec
-1
) 
1 mol PGE / 1.5 mol EMIMDCN 104.1 ± 21.3 3.4 ± 0.3 
1 mol PGE / 2.0 mol EMIMDCN 100.6 ± 29.5 3.4 ± 0.4 
1 mol PGE / 2.5 mol EMIMDCN 107.5 ± 23.3 3.5 ± 0.2 
1 mol PGE / 3.0 mol EMIMDCN 105.2 ± 3.5 3.4 ± 0.0 
AVERAGE / STDEV 104.4 ± 19.4 3.4 ± 0.2 
 
Table 2-3: Activation Energies (Ea) and frequency factors (A) determined from the 
Second order Isothermal FTIR analysis for the Adduct reactions at different 
concentrations of EMIMDCN with PGE. All concentrations fit well. 
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Figure 2-11: Epoxy conversion of PGE:EMIMDCN = 1:1.5 moles at (●) 90°C; (■) 
100°C; (▲) 110°C; and (♦) 120°C and model prediction at (▬) 90°C; (▬) 100°C; (▬) 
110°C; and (▬) 120°C obtained using Near-FTIR compared to model results. Model fits 
only the initial 40 -50 % of the epoxy conversion data. An acceleration in the reaction 
rate is observed, which suggests the existence of additional reactions.  
     
  
 
   
  
42 
 
 Characterization of reaction product “Adduct” 2.3.2. 
 
Experiments were conducted using Near-IR, Mid-IR and 
1
H-NMR techniques to 
determine the adduct structure of the reaction. Monofunctunal epoxy, phenyl glycidyl 
ether (PGE) was used for this study to avoid complications associated with compare to 
the use of di-functional epoxy (Epon®828) which contains an additional epoxy group.  
 
 Near-FTIR Analysis 2.3.2.1. 
 
The Near-FTIR spectra of pure PGE and EMIMDCN are shown in Appendix E, 
Figures E-1 and E-5 respectively. The mixture of PGE / EMIMDCN = 1: 1 molar before 
reaction and after reaction is shown in Figure 2.12. The epoxy group has two major 
characteristic bands in the Near-IR spectra. The bands at 4530 cm
-1
 and 6066 cm
-1
 are 
due to terminal epoxy group. The stronger absorption at 4530 cm
-1
 being the clear main 
peak to follow the epoxy conversion. The 1-ethyl-3-methylimidazolium dicyanamide has 
four major bands in the Near-IR spectra. Absorption associated with the imidazolium, 
methyl, ethyl and dicyanamide and imidazolium appear at 6188cm
-1 
and 4700 cm
-1
, 
methyl at 5968cm
-1
, ethyl at 5802cm
-1
 and dicyanamide 5228cm
-1
. These main peaks 
were determined by overlapping different ionic liquids combinations of cation and anion 
(see Appendix E). Spectra of PGE and EMIMDCN 1:1 molar mixture at room 
temperature show all the EMIMDCN and PGE peaks. Figure 2.12 shows the spectra’s of 
PGE-EMIMDCN mixture before reaction and after reaction at 120°C for 2 hrs. After 
reaction the disappearances of both epoxy bands at 4530 cm
-1
 and 6066 cm
-1 
is clear. The 
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disappearance of the imidazolium shoulder at 4700 cm
-1
 of EMIMDCN is also observed 
as is a noticeable decrease in absorbance in the range of 5500 cm
-1
 – 5000 cm-1; in this 
range dicyanamide and water absorbances are present. Closer inspection shows that the 
peak shape changes as the shoulder at 5240 cm
-1
 associated with water reduced 
significantly. The rest of other major peaks appear without any changes after reaction. 
These observations show that epoxy is completely reacted. The disappearance of the peak 
associated with imidazolium ring support the formation of epoxy-imidazolium adduct. 
Table 2.4 summarizes the primary peak assignments.  
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Figure 2-12: Near-FTIR analysis of (▬) PGE:EMIMDCN; 1:1 molar ratio at room 
temperature t = 0 min (before reaction); (▬) PGE:EMIMDCN; 1:1 molar ratio at 120°C 
for 2 hrs (after reaction). After reaction spectra shows the epoxy peaks were disappeared 
and reduction in imidazole peak. 
 
 
Epoxy 
4530 cm
-1
 
Epoxy 
6066 cm
-1
 
Imidazolium 
4700 cm
-1
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 Functional groups  
(Near-IR) 
Peak positions  
(Wave length cm
-1
) 
 
P
G
E
 
Epoxy ring
24
 4530 cm
-1
, 6066 cm
-1
 
Aromatic
21
 5995 cm
-1
 
Hydroxyl
21
 7250 cm
-1
 
E
M
IM
D
C
N
 
Imidazolium (Appendix E) 6188 cm
-1
, 4700 cm
-1
 
Ethyl (Appendix E) 5802 cm
-1
 
Methyl (Appendix E) 5968 cm
-1
 
Dicyanamide (Appendix E) 5228 cm
-1
 
 Water
21
 5240 cm
-1
 
 
 
Table 2-4: Near-FTIR functional groups and peak assignments 
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 Mid-FTIR Analysis 2.3.2.2. 
 
The ATR-FTIR experiment was conducted with PGE: EMIMDCN of 1:1 molar 
concentration at room temperature and at 120°C for 2 hrs. Figure 2.13 shows the spectra 
before reaction and after reaction between the wavelengths of 500 cm
-1
 to 1200 cm
-1
. 
These spectra were used to track changes as a function of reaction. The peaks that were 
found to change are summarized in Table 2.5. Complete disappearance of peaks ‘a’ at 
868 cm
-1
 and ‘b’ at 915 cm-1 are related to epoxy bands20, shows epoxy completely 
reacted during this reaction. Moreover, appearance of peaks ‘c’ at 984 cm-1, ‘d’ at 1022 
cm
-1
 and ‘e’ at 1119 cm-1 are possibly related to the formation of aliphatic aldehydes21. 
Decrease in peak ‘f’ is attributed to the disappearance of N-C-H asymmetric stretch20. 
Figure 2.14 shows the same spectra between the wavelengths of 1200 cm
-1
 and 
1800 cm
-1
. Increase in peak ‘g’ at 1240 cm-1 is related to N-C-H rock with counter ion19, 
which suggests a possible ring opening in the imidazolium cation. Appearances of peaks 
‘h’ at 1378 cm-1 and ‘i’ at 1420 cm-1 could possibly be related to the formation of 
aliphatic aldehydes
21. Increase in peak ‘j’ at 1467 cm-1 is most probably related to an 
alkane or methylene chain
21. Formation of peak ‘k’ at 1538 cm-1 can be a new secondary 
amine and disappearance of peak ‘l’ at 1575 cm-1 is associated N-C-H rock19, this again 
suggests imidazolium ring opening during reaction. An appearance of peak ‘m’ at 1650 
cm
-1
 is possibly related to an amide peak ‘n’ at 1740 cm-1 is a possibly related to an 
aldehyde
21
. 
Figure 2.15 shows the spectra between 1800 cm
-1
 to 2500 cm
-1
. Only one 
functional group, dicyanamide anion appears in the 2100 – 2300 cm-1 region25. This 
group is unchanged during the reaction, which suggests dicyanamide is not part of the 
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adduct structure. But there is a slight shift in peak position to the left (following reaction). 
Figure 2.16 shows the spectra between the wavelengths of 2500 cm
-1
 to 4000 cm
-1
. 
Appearance of peak ‘p’ at 2950 cm-1 is attributable to a C-H stretch from aldehyde 20, 21. 
Disappearance of peak ‘q’ at 3050 cm-1 related to the aromatic C-H stretch21. Appearance 
of band ‘r’ at 3350 cm-1 is related to a hydroxyl formation and the water peak ‘s’ at 3500 
cm
-1
 shows a reduction in the peak height, which suggests water was involved in the 
reaction 
20, 21
.  
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Figure 2-13: ATR analysis of (▬) PGE: 1-ethyl-3-methylimidazolium dicyanamide = 
1:1 molar ratio at room temperature at 0 min (before reaction); (▬) PGE: 1-ethyl-3-
methylimidazolium dicyanamide = 1:1 molar ratio at 120°C for 2 hrs (after reaction), 
between 500 cm
-1
 to 1200 cm
-1
. After reaction epoxy peaks were disappeared and possible 
aliphatic aldehyde peaks are formed. 
 
a b 
c 
d 
e 
f 
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Figure 2-14: ATR analysis of (▬) PGE: 1-ethyl-3-methylimidazolium dicyanamide = 
1:1 molar ratio at room temperature at 0 min (before reaction); (▬) PGE: 1-ethyl-3-
methylimidazolium dicyanamide = 1:1 molar ratio at 120°C for 2 hrs (after reaction), 
between 1200 cm
-1
 to 1800 cm
-1
. After reaction spectra shows the formation of aldehyde 
peak, amine peak and possible alkane chain which suggests a ring opening of imidazole. 
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Figure 2-15: ATR analysis of (▬) PGE: 1-ethyl-3-methylimidazolium dicyanamide = 
1:1 molar ratio at room temperature at 0 min (before reaction); (▬) PGE: 1-ethyl-3-
methylimidazolium dicyanamide = 1:1 molar ratio at 120°C for 2 hrs (after reaction), 
between 1800 cm
-1
 to 2500 cm
-1
. Slight shift in dicyanamide peak suggests dicyanamide 
peak unchanged after reaction. 
 
dicyanamide 
o 
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Figure 2-16: ATR analysis of (▬) PGE: 1-ethyl-3-methylimidazolium dicyanamide = 
1:1 molar ratio at room temperature at 0 min (before reaction); (▬) PGE: 1-ethyl-3-
methylimidazolium dicyanamide = 1:1 molar ratio at 120°C for 2 hrs (after reaction), 
between 2500 cm
-1
 to 4000 cm
-1
. Results show hydroxyl peak and aliphatic C-H stretch 
formed and aromatic C-H stretch disappeared after reaction.  
 
 
q 
r 
s 
p 
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Peak 
Functional Group 
Assignment 
Peak Position, 
Wavelength (cm
-1
) 
Reference 
Increase or 
Decrease 
a - PGE Epoxy 868 20 ↓ 
b - PGE Epoxy 915 20 ↓ 
c - EMIMDCN Aliphatic Aldehyde (m) 984 21 ↑ 
d - EMIMDCN Aliphatic Aldehyde (m) 1022 21 ↑ 
e - EMIMDCN Aliphatic Aldehyde (m) 1119 21 ↑ 
f - EMIMDCN N-C-H Asymmetric stretch 1167 20 ↓ 
g - EMIMDCN N-C-H Rock with counterion 1240 19 ↑ 
h - EMIMDCN Aliphatic Aldehyde (m) 1378 21 ↑ 
I - EMIMDCN Aliphatic Aldehyde (s) 1420 21 ↑ 
j - EMIMDCN 
Alkane (CH3-C) or Methylene  
(-CH2-CH2-CH2..) 
1467 21 ↑ 
k - EMIMDCN Secondary Amine 1538 21 ↑ 
l - EMIMDCN H-C-N Rock 1575 19 ↓ 
m - EMIMDCN Amide (s) carbonyl 1650 21 ↑ 
n - EMIMDCN Aldehyde (s) carbonyl 1740 21 ↑ 
o - EMIMDCN Dicyanamide peaks 2120, 2195, 2240 25 No change 
p - EMIMDCN aldehyde C-H stretch  2950 20, 21 ↑ 
q - EMIMDCN aromatic C-H stretch 3050 21 ↓ 
r - Adduct hydroxyl 3350 21 ↑ 
s water 3500 20, 21   
 
 
Table 2-5: Mid-FTIR peak assignments of PGE-EMIMDCN mixture before and after 
reaction. 
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 1H-NMR Analysis 2.3.2.3. 
 
 1
H-NMR was used to observe changes in chemical structure of PGE-EMIMDCN 
mixture. Pure PGE and EMIMDCN 
1
H-NMR are shown in Appendix D.1 and D.2 
respectively. The PGE: EMIMDCN = 1: 1 molar mixture before and after reaction 
1
H-
NMR are shown in Figures 2.17 and 2.18 respectively.  
 The peak assignments of the epoxy and EMIMDCN protons are given in Figure 
2.17. The aromatic epoxy peaks are found at 6.85, 7.25 ppm, the protons of the epoxy 
ring are found at 3.3, 2.65, 2.8 ppm. The signals at 3.8 and 4.25 ppm are a result of the 
protons of the –CH2 group between the benzene and epoxy group. The three imidazolium 
ring protons are found at 7.4, 7.6 and 9.1 ppm. The singlet peak at 3.8 ppm is assigned to 
imidazolium methyl group and a triplet at 1.4 ppm and quadruplets at 4.2 ppm are 
assigned to imidazolium for the ethyl group. These peak assignments were determined 
using MestReNova software and literature reference
26
. 
 The PGE: EMIMDCN = 1:1 molar mixture was heated to 120°C for 2 hours and 
the 
1
H-NMR of the resulting adduct product is shown in Figure 2.18. In the 
1
H-NMR the 
aromatic PGE signals are still present without any change. The disappearance of epoxy 
proton signals at 3.3, 2.65, 2.8 ppm and an appearance of hydroxyl signal
26
 at 2 ppm 
show the epoxy reaction. There is an interesting observation regarding the imidazolium 
protons. The imidazolium ring 2 position proton peak ‘j’ still shows as a single peak, but 
a small shift in position is evident. However, the integration of peak ‘j’ relative to peak 
‘b’ before reaction was 1: 2 ratio but after reaction approximately 1: 6, the same ratio 
reduction is observed in peak ‘j’ to peaks ‘a, c’. The other peaks associated with 
imidazolium ring ‘i’, ‘m’ and ‘l’ also decrease in relation to the aromatic epoxy protons. 
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The peaks associated with ‘i’ also decreases by 2/3. The ratio of peaks ‘a, c’ to peaks ‘m’ 
and ‘l’ before reaction is 3: 3: 3 (1: 1: 1), but after reaction it is 9: 6: 6 (3: 2: 2). This 
suggests a reduction of 1/3 in the concentration of the alkyl protons. For ‘i’, ‘m’ and ‘l’ a 
similar set of peaks appear shifted to lower ppm. Moreover, the ratio of peak area of the 
peaks at the original positions versus the shifted positions is 2:1, which is consistent with 
the previous observation. This suggests that 1/3 of the imidazolium rings have been 
altered significantly perhaps by ring-opening. Table 2.6 summarizes peak positions and 
observed changes for the EMIMDCN-PGE reaction mixture. The main observations are 
as follows:  
1. The epoxy ring opening reaction occurs to completion 
2. 2/3 of the protons in the 2 position of the imidazolium ring are removed 
3. The peaks associated with the protons of 4 and 5 positions of the imidazolium 
rings are also reduced by 2/3 relation to PGE aromatic protons 
4. Shifts associated with the protons in the alkyl substituent of the imidazolium 
suggests that 1/3 of the imidazolium rings open 
 
  
55 
 
 
 
 
 
Figure 2-17: The 1H-NMR of the PGE: EMIMDCN = 1:1 molar mixture at Room 
Temperature. Proton peaks assigned to appropriate PGE and EMIMDCN before reaction 
in a mixture. 
j i, i 
b 
c, a 
d 
k 
m 
e 
f 
g 
h 
l 
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Figure 2-18: The 
1
H-NMR of the PGE: EMIMDCN = 1:1 molar mixture after reaction of 
120°C for 2 hrs. Proton peaks assigned to PGE and EMIMDCN after reaction in a 
mixture. 
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Figure 2-19: The 1H-NMR of the superimposed spectra of PGE: EMIMDCN = 1:1 molar 
mixture before reaction (▬) at RT and after reaction (▬) of 120°C for 2 hrs. 
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1H-NMR 
Protons 
Pure PGE Peak Positions 
(f1 ppm) 
Pure EMIMDCN Peak 
Positions (f1 ppm) 
Mixture 
(PGE/EMIMDCN) Before 
reaction Peak Positions (f1 
ppm) 
Mixture (PGE/EMIMDCN) 
After reaction Peak Positions 
(f1 ppm) 
a 6.928, 6.914  6.928, 6.914 6.928, 6.914 
b 7.289, 7.274, 7.271, 7.257  7.289, 7.274, 7.271, 7.257 7.289, 7.274, 7.271, 7.257 
c 6.928  6.928 6.928 
d 4.315, 4.309, 4.292, 4.287  4.315, 4.309, 4.292, 4.287 4.315, 4.309, 4.292, 4.287 
e 3.808, 3.795, 3.786, 3.773  3.808, 3.795, 3.786, 3.773 3.787 
f 3.362  3.362 3.362 
g 2.833, 2.824, 2.815  2.833, 2.824, 2.815 no peak 
h 2.701, 2.695, 2.691, 2.685  2.701, 2.695, 2.691, 2.685 no peak 
i  7.738, 7.657 7.738, 7.657 7.738, 7.657 
i-New    7.661, 7.577 
j  9.082 9.082 9.082 
k  4.191, 4.177, 4.162, 4.148 4.191, 4.177, 4.162, 4.148 4.192, 4.178, 4.163, 4.148  
k-New    Peaks between 4.0 and 4.2 
l  1.414, 1.400, 1.385 1.414, 1.400, 1.385 1.414, 1.399, 1.385,  
l-New    1.336, 1.322, 1.307 
m  3.828 3.828 3.829 
m-New    3.726 
New peak    2.557 (aldehyde proton) 
New peak    2.033 (hydroxyl proton) 
 
Table 2-6: 
1
H-NMR functional groups of pure PGE, pure EMIMDCN, peak positions of 
the reaction mixture of PGE and EMIMDCN before reaction and after reaction of 120°C 
for 2 hrs 
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 Adduct Reactions and Structures 2.3.3. 
 
Table 2.7 summarizes the major observations of the functional groups appearance 
and disappearance from the Near-IR, Mid-IR and 
1
H-NMR during PGE-EMIMDCN 
adduct reaction.  
 
Table 2-7: Summary of the characterization of the functional groups during adduct 
reaction 
 
These data show that for the reaction condition and compositions investigated 
both the direct formation of an imidazolium containing adduct and ring opened structures 
leading to adduct formation are possible. However, the data also show that ring opening 
Functional Group Near-IR Mid-IR 
1
H-NMR 
Epoxy  disappeared disappeared disappeared 
dicyanamide no change very slight shift - 
Imidazole ring 
Shoulder peak 
reduced 
Aromatic C-H 
stretch reduced 
Split in the alkyl side 
group. 2, 4, 5 position 
protons reduced 
hydroxyl - formed formed 
formamide and 
aldehyde 
- formed Possible attribution 
Water disappeared disappeared - 
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is less prominent than direct adduct formation. Following is a discussion of the proposed 
reaction.  
 
 Direct Adduct Formation with imidazolium ion 2.3.3.1. 
 
 
The results of 
1
H-NMR experiments suggest that while about 1/3 of the 
imidazolium rings may be opened, 2/3 of the imidazolium ring protons (at the 2, 4, 5 
positions) are lost. This conjunction with the other evidence of adduct formation 
discussed in section 2.3.1 supports the contention that adducts are formed directly by the 
reaction of the imidazolium with the epoxy of the PGE. 
 The possible formation of imidazolium derived carbene is discussed in Holloczki 
et al. with respect to the hydrolysis of imidazolium cations. We suggest that upon heating 
a proton transfer from the 2, 4 or 5 positions of 1, 3 EMIMDCN to the dicyanamide anion 
occurs to form a carbene as shown in figure 2.20. 
 The most likely proton being transfer is the most acidic proton in the 2 protons 
however, given that more than 1/3 of the protons in the 2, 4, 5 positions are lost, a 
significant number of them would also be removed from the 4 and 5 positions. 
 The carbene subsequently attacks the base of the epoxy ring resulting in SN2 
epoxy ring opening substitution and the formation of a zwitterion containing a highly 
reactive alkoxide as shown in figure 2.21. As such or in its protonated form this structure 
is the proposed adduct. Protonation can occur by reaction with the proton associated with 
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the dicyanamide as shown in Figure 2.21. Potentially, these two forms exist in 
equilibrium with higher temperatures resulting in greater alkoxide concentration as 
shown in Figure 2.22. 
 The alkoxide zwitterions will initiate anionic polymerization of epoxy as shown 
in Figure 2.23 and 2.24 when sufficient epoxy is present. 
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Figure 2-20: Reaction scheme for carbene formation 
 
 
 
 
    
 
 
  
63 
 
 
 
O
N N
O
N
C
C N
N
H
 
 
 
Figure 2-21: Reaction scheme for adduct formation 
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Figure 2-22: Epoxy-EMIMDCN adduct structure 
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Figure 2-23: Reaction mechanism during etherification reaction 
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Figure 2-24: Epoxy-EMIMDCN polymer
9 
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 Imidazolium Ring-opening 2.3.3.2. 
 
As discussed in sections 2.3.2.1, 2.3.2.2 and 2.3.2.3 
1
H-NMR and FTIR results 
shows evidence of imidazolium ring opening. This is possible first by the formation of an 
imidazole derived carbine, as described in Holloczki et al. and shown in Figure 2.25, 
most likely at the 2 position of the 1, 3 ethyl, methyl imidazolium, but also possible at 4 
and 5 positions and second by hydrolysis section to form the ring-opened structure 
containing an imine and formaldehyde group shown in Figure 2.26. The imine can 
undergo further hydrolysis to yield ethyl amine and an aldehyde containing compound as 
shown in figure 2.27. The ethyl amine could subsequently react with PGE by amine-
epoxy ring opening reactions to form a tertiary amine capable of catalyzing epoxy 
homopolymerization via an anionic mechanism. This series of reactions would generate 
products containing both aldehyde and formaldehyde functionality. Alternatively, the 
enamine tautomer of the amine shown in figure 2.28 contains a secondary amine that 
could react with PGE to form an adduct structure containing a tertiary amine also capable 
of catalyzing epoxy homopolymerization. This would not generate an aldehyde group, 
however. 
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Figure 2-25: Proton transfer during adduct reaction 
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Figure 2-26: Carbene ring opening reaction with water 
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Figure 2-27: Rearrangement of the ring opening 
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Figure 2-28: Possible Adduct 
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Figure 2-29: Ring opening imidazole reaction with water 
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Figure 2-30: Reaction of amine and epoxy to form tertiary amine 
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 Epoxy Reaction Behavior in the Presence of Water 2.3.4. 
 
Based on the proposed reaction mechanisms given is Sections 2.3.3.1 and 2.3.3.2 
the following reaction equations summarize the potential reaction of PGE, EMIMDCN 
and Water. 
*1 EMIMDCNEMIMDCN k        (2.9) 
Where [EMIMDCN]* is the IL activated in the presence of heat and epoxy. The 
activated IL continues a parallel reaction with PGE and Water as shown below. 
** 2 AdductPGEEMIMDCN k      (2.10) 
BWaterEMIMDCN k3*       (2.11) 
Where B is the reaction product of EMIMDCN* with water and Adduct* is the 
reaction product of EMIMDCN* with PGE.  The differential equations associated with 
these reactions were solved numerically to find values of rate constants that best fit the 
experimental data.  From the shape of the experimental cure it was found that k1 > k2 and 
k3.  It is also clear that the rate of reaction of water with EMIMDCN* should be greater 
than that with PGE. Figure 2.31 shows the model curve fit to experimental data for 
PGE]:[EMIMDCN]:[Water] ratios of 1:1.5:0.1.  The excellent fit suggests that the 
competing reactions can explain the observed deviation from second order behavior for 
the reaction of EMIMDCN with PGE. 
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Figure 2-31: Epoxy conversion of PGE:EMIMDCN:H2O at 1:1.5:0.1 mol at 100° C 
isothermal temperature at (■) Experimental, (▬) Model curve fit k1 = 0.15 sec
-1
; k2 = 0.1 
M
-1
·sec
-1
; k3 = 0.12 M
-1
·sec
-1
. Also included for comparison is the second order fit from 
Figure 2.11.  The results show that including the proposed competing second order 
reaction of EMIMDCN* with water allows for a fit of the epoxy conversion data over the 
entire range of reaction. 
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 Behavior of Other Imidazolium Dicyanamide IL’s 2.3.5. 
 
In addition to EMIMDCN a number of other ionic liquids of the same family were 
evaluated as described in previous sections. These ILs were 1-butyl-3-methylimidazolium 
dicyanamide (BMIMDCN), 1-(2-hydroxyl) ethyl-3-methylimidazolium dicyanamide (1-
2OHEMIMDCN) and 1-(3-cyano) propyl-3-methylimidazolium dicyanamide (1-
3CNPMIMDCN) all demonstrated similar cure behavior to 1-ethyl-3-methylimidazolium 
dicyanamide (EMIMDCN) - epoxy system and the cured materials resulted in a strong 
cross linked polymer structure with good thermal and mechanical properties. Results are 
summarized in Appendix A. 
 
 PGE-EMIMDCN Adduct Reaction with Epoxy 2.3.6. 
 
Dynamic DSC studies of DGEBA (Epon®828) cure using various adduct (PGE: 
EMIMDCN = 1:1 mol reacted at 120°C/2hrs) concentrations ranging from 3 wt.%, 6 
wt.% and 9 wt.% were conducted. Figure 2.32 shows the thermograms for these 
experiments. These compositions would correspond to 1.6, 2.7 and 4.9 wt.% EMIMDCN 
in the overall mixture.   Although it was expected that only one peak would be observed 
two peaks are still visible, this may be a regeneration of the active center of the adduct.   
The first peek is substantially less prominent than would be observed for direct mixtures 
of EMIMDCN and DGEBA. As more adduct is used the onset temperature of the main 
exotherm peak decreases. The overall heats of reaction for these three cases are 512, 482 
and 480 J/g mixtures for the 3, 6 and 9 compositions respectively.  Normalized by mole 
of epoxy the measured heats of reaction are, 95, 92.3 and 94.9 J/mol epoxy for the 3 
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wt.%, 6 wt.% and 9 wt.% compositions respectively.   These values are consistent with 
the heat of reaction associated with epoxy ring opening which is 98 – 109 kJ/mol epoxy.  
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Figure 2-32: DSC Ramp studies on thermal behavior of EMIMDCN-adduct with 
Epon®828. 3 wt.% (●); 6 wt.% (■) and 12 wt.% (♦). Exothermic reaction behavior 
explains adduct can continue to react with epoxy. 
 
 
 
 
  
74 
 Chapter Conclusions 2.4. 
 
The overall objective of this work is to obtain a better understanding of epoxy 
termosets prepared using imidazolium RTILs as latent initiators.  The aim of this chapter 
was to investigate the reaction behavior of epoxy resins with EMIMDCN and to propose 
possible reaction paths leading to polymerization. 
Evidence was presented that supports the formation of adducts of the epoxy 
monomer with the imidazolium ring of EMIMDCN.  This evidence included the 
following observations:  (1) Based on dynamic and isothermal cure experiment the 
reaction follows a clear two-stage process; (2) The variation of Tg  for the reaction 
products of PGE and EMIMDCN for varying molar ratios shows clear difference for 
systems above and below  the 1:1 molar composition; (3) GPC measurement of reaction 
products of PGE with EMIMDCN show the disappearance of PGE and the concomitant 
formation of  a higher molecular weight species; and, (4) Apparent second order kinetics 
were found for excess EMIMDCN-PGE  compositions up to moderate conversion. 
Based on these results the presumed adduct was isolated by reacting PGE and 
EMIMDCN in 1:1 molar ratio.  This reaction mixture was analyzed before and after 
reaction using near-FTIR, mid-FTIR, and 
1
H-NMR techniques.  The results indicate that 
in the process of adduct formation epoxy is completely consumed and that significant 
changes occur to the imidazolium ring of EMIMDCN while the dicyanamide counterion 
remains intact. 
1
H-NMR analysis shows a significant loss of the imidazolium proton at 
the 2 position as well as changes consistent with imidazolium ring opening.  Moreover, 
mid-FTIR shows the formation of aldehyde and amide groups.  These observations are 
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consistent with both the direct formation of adduct structures between the imidazolium 
ring and the epoxy and the ring opened structures that can also lead to the formation of 
adducts.   Imidazolium ring opening is based on a hydrolysis reaction and it was found 
that small quantities of water were present in the reaction mixture despite drying because 
of the hydrophilic nature of EMIMDCN.  Moreover, near-FTIR shows that the water is 
consumed during adduct formation. 
Possible reaction schemes for epoxy polymerization were presented for both 
direct adduct formation and imidazolium ring reactions.  In both cases the proposed 
adducts are predicted to induce anionic epoxy polymerization.   In fact, it was 
demonstrated that mixtures of adduct with fresh epoxy polymerize readily when heated.   
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 PROPERTIES OF 1-ETHYL-3-METHYLIMIDAZOLIUM CHAPTER 3. 
DICYANAMIDE AND 1-ETHYL-3-METHYLIMIDAZOLIUM DICYANAMIDE 
EPOXY ADDUCTS WITH EPOXY RESINS 
 
 Introduction 3.1. 
  
In the previous chapter the reaction of epoxies with ionic liquids like 1-ethyl-3-
methylimidazolium dicyanamide (EMIMDCN) was discussed.  In particular the 
formation of adducts and the initiation of epoxy polymerization upon heating were 
demonstrated. In previous work it was found that EMIMDCN dissolves readily in 
DGEBA and that mixture of EMIMDCN and DGEBA exhibit latent curing behavior with 
long pot-life at ambient conditions
1
.  
This chapter is dedicated to the understanding of the processing and material 
properties of the EMIMDCN/DGEBA system. It is divided in to five main sections. The 
first section describes the materials and procedures used to conduct this work.  The 
second section reports on the processing behavior of EMIMDCN/DGEBA system, 
elaborating on the viscosity, cure behavior and latency behavior of the system.  The third 
section discusses the mechanical properties, and thermo-mechanical behavior of 
EMIMDCN/DGEBA polymer systems. Here the influence of DGEBA molecular weight 
and EMIMDCN concentration are evaluated. The fourth section provides results of 
polymer network created using adducts of EMIMDCN with PGE to cure DGEBA. The 
final section of the chapter contains the summary of the EMIMDCN and EMIMDCN 
adduct resin properties and polymer properties. 
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 Experimental 3.2. 
 
 Materials 3.2.1. 
 
The chemical structures of materials used in this investigation are given in Table 
3.1. Diglycidyl ether of bisphenol A (Epon®828, EEW = 186±3 g/mol; Epon®836, EEW 
= 307±3 g/mol; Epon®1001F, EEW = 548±3 g/mol) purchased from Miller Stephenson 
(Epon®828, Epon®1001F) and Resolution Performance Products (Epon®836). The ionic 
liquid 1-ethyl-3-methylimidazolium dicyanamide (EMIMDCN, molecular weight = 
177.21 g/mol) was purchased from Solvent Innovation GmBh and 1, 2-Epoxy-3-
phenoxy-propane, 99% (Phenyl Glycidyl Ether, molecular weight = 150.17 g/mol) 
purchased from sigma Aldrich. Epon®828, Phenyl Glycidyl Ether (PGE) and 
EMIMDCN were dried using 12Å molecular sieves for 24 hrs at ambient temperature of 
~22°C and left  in an oven at 110°C over night before use. Epon®836 and Epon®1001F 
were used as purchased.   
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Table 3-1: Chemical Structures of DGEBA based epoxy resins, phenyl glycidyl ether 
(PGE) and 1-ethyl-3-methylimidazolium dicyanamide (EMIMDCN). 
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3.2.2 Resin Mixing and Cure 
 
 Epoxy with 1-ethyl-3-methylimidazolium dicyanamide 3.2.2.1. 
 
Resin samples were prepared by dispersing EMIMDCN in epoxy resins. The 
Epon®828 resin samples were prepared by sufficient mixing of both the Epon®828 and 
EMIMDCN for 15 minutes at ambient temperature of 22-25°C. Epon®828 is a flowable 
liquid at ambient temperature, but Epon®836 solidifies at ambient temperature and 
Epon®1001F is a white solid, so for the higher molecular weight epoxies heating was 
necessary to melt the resins before mixing.  Furthermore, because of the high viscosity 
Epon®836 and Epon®1001F were heated to 90-100°C before adding EMIMDCN and 
mixing for 15 minutes.  
Cured resin samples for dynamic mechanical analysis (DMA) testing were cured 
in a stainless steel mold with approximate dimension of 15 mm x 50 mm x 5 mm. 
Flexural and Fracture toughness samples were prepared in stainless steel molds with 
approximate dimensions of 90 mm x 150 mm x 5 mm and 90 mm x 150 mm x 7 mm 
respectively. PTFE mold release (Miller-Stephenson) was applied to the molds before 
use. A cure schedule was selected to avoid excessive exotherm as follows. First, 
epoxy/EMIMDCN filled molds were placed at 80°C in an oven for 1 hr. Second, the 
temperature was increased to 120°C over a period of 1 hr then held at 120°C for 3 hrs, 
(during which time a change in color to dark brown was observed). Third, post curing 
was conducted at 150°C for 2 hrs.  
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 Epon®828 with Adduct 3.2.2.2. 
 
An adduct was made by using a 1:1 molar mixture of PGE and 1-ethyl-3-
methylimidazolium dicyanamide (EMIMDCN).  The components were mixed and heated 
at 120°C for 2 hrs.   This adduct was used as a curing agent for DGEBA.  The Epon®828 
with adduct samples were prepared by dispersing known mol % of adduct or known wt.% 
of adduct in Epon®828. The Epon®828 adduct blends were mixed for 15 minutes at 
ambient temperature of 22-25°C. The curing procedure described previously was 
followed to prepare samples for testing. 
 
 Resin Characterization 3.2.3. 
 
Near Infrared Fourier Transform Infrared Spectroscopy (Near-FTIR) was used to 
monitor unreacted epoxy in the cured samples. A Thermo Nicolet Nexus 670 FTIR was 
used to obtain Near IR spectra. The instrument was used in the absorbance mode, taking 
24 scans per sample with a resolution of 4 cm
-1
. Characteristic absorbance of epoxy 
groups in the NIR spectra at 4530 cm
-1
 and 6066 cm
-1
 were used to determine epoxy 
conversion. 
 
 Resin Latency Measurements 3.2.4. 
 
Mixtures of EMIMDCN/Epon®828 of different compositions were prepared and 
stored at room temperature for a period of 2 months. During this time Near-FTIR was 
used to monitor changes in epoxy concentration. 
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 Resin Viscosity Measurements 3.2.5. 
 
The viscosity of the Epon®828/EMIMDCN resin blends was measured at 25°C 
using a TA instrument AR200EX Rheometer operating with concentric cylinder 
geometry.  Approximately 20 ml sample was placed in the sample holder. Viscosity 
measurements were obtained for shear rates between 0.012 - 1.3 (s
-1
). Newtonian 
behavior was observed over the range of shear rates investigated. 
 
 Differential Scanning Calorimetry (DSC) 3.2.6. 
 
Heat evolution resulting from the epoxy ring opening reaction for mixtures of 
Epon®828/EMIMDCN as a function of temperature were measured using a TA 
instrument Q2000 DSC. 6-10 mg samples were tested in hermetically sealed pans using 
the following standard method. Samples were allowed to equilibrate at -70°C and then 
heated at a rate of 2°C/min from -70°C to 250°C.  
 
 Dynamic Mechanical Analysis (DMA) 3.2.7. 
 
The thermo-mechanical properties of cured resin samples were measured using 
dynamic mechanical analysis (DMA) with a TA instrument Q800 DMA in single 
cantilever geometry at a frequency of 1 Hz with a deflection of 15 μm. The test 
specimens had nominal dimensions of 20 mm x 10 mm x 3 mm. A heating rate of 
2°C/min from 30°C to 250°C was used. Two temperature ramps were conducted for each 
sample. The temperature corresponding to the peak of the loss modulus of the second run 
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was used as the glass transition temperature (Tg); and the storage modulus at (Tg + 50°C) 
was used as the rubbery modulus of the material. The molecular weight between cross-
links, Mc, of the polymer can be calculated using the equation given below obtained from 
rubber elasticity theory. 
             (3.1) 
In this equation, E is the rubbery modulus, R is the ideal gas constant, T is the absolute 
temperature, and ρ is the sample density. 
 
 Fracture Toughness Testing 3.2.8. 
 
 
Fracture toughness testing was conducted according ASTM 5045-99. The 
rectangular samples were prepared with nominal dimensions of 63.5 mm x 12.7 mm x 
6.35 mm. The notch was made using a table saw with a diamond saw blade and a sharp 
razor blade was used to initiate a crack at the surface of the notch just before the testing. 
Five samples were tested at room temperature for each composition using an Instron 
8872 instrument operating at a crosshead speed of 10 mm/min and a span length of 50.8 
mm. Notch length was measured accurately after testing. 
  
Mc
RT
E
3
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 Flexural Testing 3.2.9. 
 
Flexural strength and modulus were determined in accordance with ASTM D790-
03. Rectangular samples were prepared with nominal dimensions of 63.5 mm x 12.7 mm 
x 3.175 mm. Testing was conducted with the smooth side facing up. A support-to-depth 
ratio of 16 was used. The samples were tested at room temperature using an Instron 8872 
instrument operating at a crosshead speed of 1.35 mm/min.  
Flexural strength and modulus were determined in accordance with ASTM D790-
03. Rectangular samples were prepared with nominal dimensions of 63.5 mm x 12.7 mm 
x 3.175 mm. Testing was conducted with the smooth side facing up. A support-to-depth 
ratio of 16 was used. The samples were tested at room temperature using an Instron 8872 
instrument operating at a crosshead speed of 1.35 mm/min.  
Flexural strength and modulus were determined in accordance with ASTM D790-
03. Rectangular samples were prepared with nominal dimensions of 63.5 mm x 12.7 mm 
x 3.175 mm. Testing was conducted with the smooth side facing up. A support-to-depth 
ratio of 16 was used. The samples were tested at room temperature using an Instron 8872 
instrument operating at a crosshead speed of 1.35 mm/min.  
 
 Thermal Gravimetric Analysis (TGA) 3.2.10. 
 
The thermal stability of cured Epon® (828, 836 and 1001F) / EMIMDCN was 
analyzed using thermal gravimetric analysis (TGA). A TA instrument Q50 TGA was 
used.  Typical sample size was 10-20 mg placed in platinum sample pans. A heating rate 
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of 10°C/min was used from 30°C to 1000°C with a nitrogen gas purge rate of 20 ml/min 
(STP). The decomposition temperature (Td) or polymer thermal stability was measured as 
the point where 5 wt.% loss of the polymer material was observed and the % char yield 
was measured at 600°C. 
 
 Scanning Electron Microscopy (SEM) 3.2.11. 
 
The fracture surface morphology was evaluated by a scanning electron 
microscope (SEM), FEI Model XL30 by using an accelerating voltage of 15-20 keV. All 
samples were platinum sputtered prior to the analysis. 
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 Results and Discussion 3.3. 
 
3.3.1 Processing Properties of 1-ethyl-3-methylimidazolium dicyanamide 
(EMIMDCN) / DGEBA system 
 
Epon®828 resin was used in this work to understand the processing behavior of 
the EMIMDCN/epoxy system. Resin viscosity, latency and cure behavior of the 
Epon®828/EMIMDCN blends were investigated for a wide range of EMIMDCN 
concentrations. 
 
3.3.1.1 Resin Viscosity 
 
The viscosity of Epon®828/EMIMDCN is shown as a function of EMIMDCN 
content in Figure 3.1. The resin viscosity was lower compared to pure Epon®828 for 
samples using 5 wt.% or higher EMIMDCN content. This was expected because 
EMIMDCN viscosity is low 0.016 ± 0.002 Pa.s compared to the Epon®828 viscosity of 
12.9 ±0.1 Pa.s at 25°C.  But an interesting behavior was observed with EMIMDCN 
content less than 5 wt.% like 1 wt.% and 3 wt.% where a higher viscosity compared to 
that of pure Epon®828 was observed.  The initial increase in viscosity could be a result 
of polar interactions between the hydroxyl group in Epon®828 and EMIMDCN.  It is 
interesting to note that a 1:1 molar ratio of OH groups in the epoxy and EMIMDCN 
occurs at EMIMDCN concentration of ~ 3.12 wt.%. Therefore it is expected that up to 
this concentration of EMIMDCN strong interactions are increasingly formed between 
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DGEBA and the ionic liquid resulting in increased viscosity. But, once EMIMDCN in 
excess of this stoichiometry is added, concentrations ≥ 3.12 wt.%, the diluting nature of 
the lower viscosity EMIMDCN is expressed. The viscosities of Epon®828/EMIMDCN 
system are within range of the current commercial resins.  
The Tg behavior of these blends also suggests strong interactions between 
DGEBA and the ionic liquid.  Figure 3.2 shows the DSC thermograms of the different 
concentrations of EMIMDCN with Epon®828 between -70°C to 50°C. The Tg transition 
is clearly visible for all samples. The results are plotted in Figure 3.3 and show that Tg of 
the EMIMDCN/Epon®828 resin blend does not decrease as expected at lower 
concentrations of EMIMDCN but decreases for compositions containing ≥ 5 wt.% 
EMIMDCN. The Tg of pure EMIMDCN is –50.1 °C and the Tg of pure Epon®828 is -
19.14 °C.  Figure 3.3 also shows the fox equation model predicting Tg compared to 
values obtained experimentally. Thus the mixture does not follow typical blend behavior 
suggesting strong interactions between the two components. 
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Figure 3-1: Viscosity behavior of Epon®828/EMIMDCN resin as a function of 
EMIMDCN concentration content at 25°C. Viscosity of the resin mixture decreases with 
increasing EMIMDCN concentration. Initial increase in viscosity suggests the polar 
interaction between the hydroxyl group in Epon®828 and EMIMDCN.   
 
EMIMDCN content (wt.%) 
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Figure 3-2: DSC behavior of Epon®828/EMIMDCN resin as a function of EMIMDCN 
content, temperature between -70 to 50°C. (●) 3 wt.% ; (■) 5 wt.% ; (□) 7 wt.% ; (╬) 9 
wt.% ; (♦) 12 wt.% ; (▲) 20 wt.%. Resin blend Tg does not decrease as expected at lower 
concentrations of EMIMDCN but decreases for compositions containing ≥ 5 wt.% 
EMIMDCN. 
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Figure 3-3: Tg behavior of Epon®828 with EMIMDCN from DSC analysis (●) 
and predicted fox model (-----). The mixture does not follow typical blend 
behavior suggesting strong interactions between the two components. 
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3.3.1.2 Latency behavior 
 
The latency of cure of DGEBA/EMIMDCN mixtures was assessed using Near-
FTIR to measure changes in epoxide content with time, and DSC to measure changes of 
the heat of reaction for mixtures aged at room temperature over a period of months. 
Figure 3.4 shows Near-FTIR spectra of Epon®828/9 wt.% EMIMDCN when first mixed 
and after aging for 2 months at ambient conditions (~22°C) in a sealed vial. The presence 
of epoxy peaks at 6066 cm
-1
 and 4530cm
-1
 after 60 days suggests little change in epoxy 
concentration over this time. Also, the EMIMDCN/Epon®828 blend showed no sign of 
phase separation after 60 days.   
DSC thermal scans of Epon®828/9 wt.% EMIMDCN mixtures at different aging 
times are shown in Figure 3.5.  Table 3.2 contains the heat of reaction obtained by 
integrating the curves in Figure 3.5. The average of the heat of reaction the first day, 30 
days, 45 days and 60 days samples is 526 ± 10 J/g. The heat of reaction does not change 
appreciably with aging time further demonstrating the latency of this system. However, it 
is interesting to observe that the cure kinetics begin to change significantly with aging 
time.  Particularly, after 30 days the second exotherm peak is reduced and after 60 days 
disappears.  Additionally the rate of reaction reduces slightly for aged systems. Thus the 
overall reaction rate during cure for this system aged more than 30 days is higher. 
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Figure 3-4: Latency behavior of 9 wt.% EMIMDCN with Epon®828 at room 
temperature. (▬) Initial day; (▬) 60 days. End of 2 months epoxy peaks at 6066 cm-1 
and 4530 cm
-1
 are still present, this explains the mixture is unreacted during this shelf-life 
period. 
 
 
 
4530 cm-1 
6066 cm-1 
  
94 
 
 
 
 
 
Figure 3-5: DSC Thermograms of aged samples, latency behavior of 9 wt.% EMIMDCN 
with Epon®828 at room temperature. (●) Initial day; (■) 30 days; (♦) 45 days; (▲) 60 
days. During this time heat of reaction is constant which suggests the mixture is 
unreacted during this shelf-life period. 
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Latency 
Heat flow 
(J/g) mixture 
Heat flow 
(J/g.Epon®828) 
Heat flow 
(J/mol epoxy) 
Initial day 525 576 104 
30 days 537 590 106 
45 days 530 582 105 
60 days 514 565 102 
 
Table 3-2: DSC analysis of the heat of reaction for Epon®828/9 wt.% EMIMDCN 
mixtures aged at ambient conditions up to 60 days.  
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3.3.1.3 Cure behavior 
Figure 3.6 shows DSC thermograms for Epon®828/EMIMDCN mixtures with 
EMIMDCN content ranging from 3 wt.% to 20 wt.%. An exothermic profile is observed 
in all cases as reaction is apparent above 100°C, moreover there are two exothermic 
peaks; the first presumably associated with adduct formation at lower temperature and 
second associated with subsequent epoxy polymerization at higher temperature.  This was 
discussed in Chapter 2. It is observed that as the concentration of EMIMDCN is 
increased the second peak becomes less prominent while the first increases in size.  In 
fact for the 20 wt.% system the second peak is absent. Table 3.3 list the heat of reaction 
obtained by integrating the DSC heat flow curves.  Also included is the heat of reaction 
per mole of epoxy.  The average of this value for all compositions is 105 ± 4.1 J/g.  This 
value is very close to the heats of reaction for epoxy ring opening
11
 98 - 107 kJ/mol of 
epoxy. Therefore the polymerization of epoxies using the ionic liquid EMIMDCN, 
despite being latent in nature is highly exothermic.  It was important to develop a cure 
cycle that did not result in burning of samples yet provided full cure.   
Isothermal DSC scans were used to help define the cure schedule   Figure 3.7 
shows the isothermal behavior of 7 wt.% EMIMDCN with Epon®828 at three isothermal 
cure temperatures: 80°C, 100°C, and 120°C.  At 80°C no reaction is observed for the first 
100 minutes, while reaction was observed at the start of the experiment at temperatures of 
100°C and 120°C with the highest peak heat flow rates observed for 120°C isothermal 
cure. Moreover at isothermal temperatures of 100°C and 120°C two step exothermic 
reactions were observed. The higher the isothermal temperature the larger the initial 
exotherm and the reaction occurs in a shorter time.  Based on these observations, the cure 
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schedule given in section 3.2.2.1 was used to prepare fully cured samples for testing.  
Near-FTIR spectroscopy was used to validate full conversion. 
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Figure 3-6: DSC behavior of Epon®828/EMIMDCN resin as a function of EMIMDCN 
content, temperature between 50-200°C. (●) 3 wt.% ; (■) 5 wt.% ; (□) 7 wt.% ; (╬) 9 
wt.% ; (♦) 12 wt.% ; (▲) 20 wt.%. Change in dual exotherm, constant heat flow, which is 
consistent with current epoxy ring opening. This explains polymerization of epoxy with 
EMIMDCN is highly exothermic. 
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wt.% 
EMIMDCN 
Heat of 
Reaction 
(J/g) 
mixture 
Heat of 
Reaction 
(J/g.Epon®828) 
Heat of 
Reaction 
(J/mol 
epoxy) 
1 540 ± 10 545 98 
3 546 ± 7 563 101 
6 542 ± 9 577 104 
9 523 ± 9 574 103 
10 537 ± 10 597 107 
12 524 ± 8 595 107 
15 520 ± 4 611 110 
20 486 ± 20 607 109 
 
 
Table 3-3: DSC analysis of the heat of reaction for different concentrations of 
EMIMDCN with Epon®828  
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Figure 3-7: DSC isothermal analysis of 7 wt.% EMIMDCN with Epon®828 at 
isothermal temperature at (●) 80°C; (■) 100°C; (▲) 120°C. Results show that the 
exothermic reaction occurred above 80°C isothermal temperature for this resin mixture. 
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3.3.2 Mechanical Properties of 1-ethyl-3-methylimidazolium dicyanamide 
(EMIMDCN) / Epoxy system 
 
In this section the thermal and mechanical properties of DGEBA cured with 1-
ethyl-3-methylimidazolium dicyanamide (EMIMDCN) are reported. The influence of 
EMIMDCN concentration was evaluated using Epon®828 and the influence of DGEBA 
molecular weight was investigated by comparing properties of samples prepared using 
Epon®828, Epon®836 and Epon®1001F. 
 
3.3.2.1 Dynamic Mechanical Properties 
 
Dynamic mechanical behavior of Epon®828/EMIMDCN polymers was obtained 
as described in Section 3.2.7. Figure 3.8 contains representative loss modulus and storage 
modulus curves as a function of temperature for polymers made using EMIMDCN 
ranging from 3 wt.% to 15 wt.%. A single sharp glass transition is observed for all three 
compositions.  The ratio of peak height to the width at half height increases with 
increasing EMIMDCN content as does the peak height.  The glass transition temperature 
decreases with increasing EMIMDCN concentration. In addition to the glass transition, a 
β-transition is observed around -70°C.  The β-transition is known to be dependent on 
composition and cure mechanism. The Tg, as measured by the temperature corresponding 
to the loss modulus peak, is plotted as a function of EMIMDCN concentration for 
Epon®828, 836 and 1001F in Figure 3.9. The Tg, of the cured resin decreased with 
increasing EMIMDCN content. Moreover, higher MW DGEBA has lower Tg for the 
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same EMIMDCN concentration.  The crosslink density significantly influences the Tg of 
network polymers with higher crosslink density (lower molecular weight between 
crosslinks) resulting in higher Tg.   
The storage modulus obtained 50°C above Tg was used to calculate the molecular 
weight between crosslinks as described by equation 3.1. Figure 3.10 is a plot of rubbery 
modulus as a function of EMIMDCN concentration for the three DGEBA systems.  Table 
3.4 contains the values of Tg and Tg+50°C storage modulus values used in Figures 3.9 
and 3.10. The molecular weight between crosslinks obtained using Tg+50°C storage 
modulus values and equation 3.1 are given in Table 3.4 for the same compositions.  In all 
cases the molecular weight between crosslinks increases with increasing EMIMDCN 
content.  These results are consistent with chain polymerization of epoxies where higher 
concentrations of initiator resulting in lower Tg.  As expected the molecular weight 
between crosslinks also increases with increasing molecular weight of the DGEBA.  The 
decreasing Tg trend for the same concentration (9 wt.%) of EMIMDCN in Epon®828, 
Epon®836 and Epon®1001F polymer shows this. Epon®1001F has a molecular weight 
of 950 g/mol and Epon®836 has a molecular weight of 625 g/mol; the higher the 
molecular weight of the monomer the higher the molecular weight between crosslinks in 
the polymer network. It should also be noted that unreacted EMIMDCN could plastisize 
the system and reduce Tg (EMIMDCN by itself has a very low Tg,-50°C). However, for 
the range of concentrations investigated it was found that EMIMDCN was chemically 
incorporated in the matrix. (See Chapter 2) 
The room temperature storage modulus for the DGEBA/EMIMDCN systems is 
generally greater than 2 GPa for the compositions investigated, this compares favorably 
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with amine cured epoxies such as the Epon®828/PACM system that possesses a Tg of 2.3 
GPa.  
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Figure 3-8: The loss modulus and storage modulus behavior of Epon®828 with different 
wt.% of EMIMDCN (●) 3 wt.%; (■) 9 wt.%; (▲) 15 wt.%. Smooth curve at -50°C which 
explains EMIMDCN very well dispersed in Epon®828. 
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Figure 3-9: Glass transition temperature (Tg) as a function of EMIMDCN cured DGEBA 
based epoxy resins of different molecular weights. (●) Epon®828; (■) Epon®836; (♦) 
Epon®1001F. Tg of the cured polymer decreases with increasing EMIMDCN 
concentration as well as increasing molecular weight of epoxy. Crosslink density 
significantly influences the Tg of network polymers. 
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Resin Mixture 
Glass Transition 
Temperature (°C) 
Rubbery Modulus 
(Mpa) 
Tg  at Tg+50°C 
3 wt.% EMIMDCN + Epon®828 172 ± 0.8 129 
5 wt.% EMIMDCN + Epon®828 162 ± 0.2 71 
7 wt.% EMIMDCN + Epon®828 139 ± 0.1 45 
9 wt.% EMIMDCN + Epon®828 120 ± 0.2 35 
12 wt.% EMIMDCN + Epon®828 91 ± 0.3 18 
15 wt.% EMIMDCN + Epon®828 83 ± 0.2 13 
20 wt.% EMIMDCN + Epon®828 62 ± 0.3 8 
1 wt.% EMIMDCN + Epon®836 149 ± 0.5 44 
5 wt.% EMIMDCN + Epon®836 128 ± 0.7 26 
9 wt.% EMIMDCN + Epon®836 115 ± 0.4 19 
9 wt.% EMIMDCN + Epon®1001F 95 ± 0.3 18 
Epon®828 + 10 mol% EMIMDCN 146 ± 0.6 36 
Epon®836 + 10 mol% EMIMDCN 128 ± 0.5 28 
Epon®1001F + 10 mol% EMIMDCN 118 ± 0.6 14 
 
Table 3-4: Glass transition temperature (Tg) and rubbery modulus behavior EMIMDCN 
cured DGEBA based epoxy resins. 
 
  
107 
 
 
 
 
 
Figure 3-10: Rubbery modulus behavior of EMIMDCN cured DGEBA based epoxy 
resins. (●) Epon®828; (■) Epon®836; (▲) Epon®1001F. Rubbery modulus decreases 
with increasing EMIMDCN concentration as well as increasing molecular weight of 
epoxy 
 
 
EMIMDCN content (wt.%) 
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Resin Mixture 
Molecular Weight 
between cross-links 
(g/mol) 
3 wt.% EMIMDCN + Epon®828 60 
5 wt.% EMIMDCN + Epon®828 110 
7 wt.% EMIMDCN + Epon®828 173 
9 wt.% EMIMDCN + Epon®828 223 
15 wt.% EMIMDCN + Epon®828 600 
20 wt.% EMIMDCN + Epon®828 975 
1 wt.% EMIMDCN + Epon®836 177 
5 wt.% EMIMDCN + Epon®836 300 
9 wt.% EMIMDCN + Epon®836 411 
9 wt.% EMIMDCN + Epon®1001F 434 
 
Table 3-5: Molecular weight between cross links for different concentrations of 
EMIMDCN with different molecular weight of DGEBA based epoxy resins. 
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3.3.2.2 Polymer Thermal Properties 
 
 
TGA was conducted on DGEBA (Epon®828) cured with different amounts 
EMIMDCN.  Figure 3.11 contains the weight loss curves for these experiments. It is clear 
from this plot that the decomposition temperature, Td, decreases with increasing 
EMIMDCN content. Table 3.6 contains values for Td corresponding to this plot.  All 
EMIMDCN cured DGEBA Td are above 300°C. It is interesting to note that pure 
EMIMDCN has a Td of 260°C and Epon®828 has a Td of 251°C. Both these values are 
lower than what was found for the polymers. Included in Table 3.6 are char yields at 
600°C.  The char yield at 600°C of pure EMIMDCN is 19.4±0.8% and that of pure 
Epon®828 is 4.4±0.2%.  It was found that the char yield of the polymers increases with 
increasing EMIMDCN concentration from 3 wt.% to 20 wt.% EMIMDCN.  
Table 3.6 also lists Td and char yield for EMIMDCN cured Epon®836 and 
Epon®1001F polymers. The Epon®836 based polymers showed Td and char yield 
behavior that parallels that of Epon®828. However for the same concentration of 
EMIMDCN, Td is up to 50°C higher for Epon®836 polymers compared to those prepared 
using Epon®828.   This is true also for the Epon®1001F system. In part, this behavior 
could be due to the greater thermal stability exhibited by the higher molecular weight 
DGEBA monomers. Therefore the thermal stability of a cured epoxy resin polymer 
strongly depends on the EMIMDCN concentration and the molecular weight of the 
DGEBA used. 
  
110 
 
 
 
 
 
Figure 3-11: The decomposition (Td) behavior of Epon®828 with different wt.% of 
EMIMDCN. (●) 3 wt.%; (■) 7 wt.%; (♦) 9 wt.%; (▲) 12 wt.%; (╬) 20 wt.%. Td 
decreases with increasing concentration of EMIMDCN. But Td is > 300°C for all 
EMIMDCN concentrations. 
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Resin Mixture 
Decomposition 
Temperature at 95 wt.%  
Char Yield at 
600°C 
Td (°C) % 
3 wt.% EMIMDCN + Epon®828 390 ± 0.5 11.7 
5 wt.% EMIMDCN + Epon®828 350 ± 0.4 12.0 
7 wt.% EMIMDCN + Epon®828 347 ± 0.8 13.9 
9 wt.% EMIMDCN + Epon®828 339 ± 0.7 14.2 
12 wt.% EMIMDCN + Epon®828 314 ± 0.9 14.6 
15 wt.% EMIMDCN + Epon®828 307 ± 0.7 14.8 
20 wt.% EMIMDCN + Epon®828 303 ± 0.8 15.3 
1 wt.% EMIMDCN + Epon®836 414 ± 0.9 9.9  
5 wt.% EMIMDCN + Epon®836 404 ± 0.1 10.8  
9 wt.% EMIMDCN + Epon®836 397 ± 0.2           11.2 
9 wt.% EMIMDCN + Epon®1001F 400 ± 0.5           10.0 
Epon®828 + 10mol% (4.2 wt.%) EMIMDCN 362 ± 0.7           12.6 
Epon®836 + 10mol% (2.6 wt.%) EMIMDCN 366 ± 0.6 11.6  
Epon®1001F + 10mol% (1.9 wt.%) EMIMDCN 388 ± 0.8           10.7 
Epon®828 251 ± 1.4 4.4 
Epon®836 254 ± 1.0 5.7 
Epon®1001F 265 ± 1.2 6.4 
EMIMDCN 257 ± 0.9 19.0 
Epon®828 + PACM 327 ± 1.3 7.8 
 
Table 3-6: The decomposition temperature, Td, at 95 wt.% initial weight and char yield 
at 600°C for EMIMDCN cured DGEBA based epoxy resins. 
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3.3.2.3 Polymer Mechanical Properties 
 
The flexural properties of DGEBA thermosets prepared using EMIMDCN are 
given in Table 3.7. This table includes flexural strength and modulus as well as fracture 
toughness. Figure 3.12 is a plot containing the GIC fracture toughness values of 
Epon®828/EMIMDCN and Epon®836/EMIMDCN based polymers as a function of 
EMIMDCN content.  In general, the values of fracture toughness are higher than would 
be obtained for DGEBA thermosets prepared using other curing agents.  For example the 
fracture toughness of Epon®828 cured using the amine curing agent PACM is 242 ± 6  
J/m
2
 (Tg = 160°C). The fracture toughness of Epon®828 and Epon®836 based polymers 
increases with increasing content of EMIMDCN. Cationically cured epoxy with higher Tg 
shows lower fracture toughness
12
.  It was shown that the crosslink density decreases with 
increasing EMIMDCN concentration.  This can be due to a higher concentration of 
initiating species as well as unreacted EMIMDCN or unbound adduct.  Based on the 
analysis in Chapter 2, for the lower concentrations of EMIMDCN used, significant 
concentrations of free EMIMDCN would not be present in the cured polymer, however 
unbound adduct could remain. This second phase could result in higher fracture 
toughness.  The fracture toughness increases greatly as DGEBA molecular weight is 
increased both when maintaining the weight fraction of EMIMDCN constant and when 
maintaining the molar ratio of EMIMDCN to DGEBA constant.   The toughening effect 
associated with increasing DGEBA molecular weight has been observed for amine cured 
epoxies, however, the increases observed with this curing system are much more 
pronounced. 
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Figure 3.13 compares the flexural properties of Epon®828/EMIMDCN and 
Epon®836/EMIMDCN based polymers as a function of EMIMDCN content. The 1 wt.% 
EMIMDCN cured polymers flexural modulus are considerably lower (< 2.0±0.399 GPa) 
but ≥ 3 wt.% showed high modulus (> 2.5±0.20 GPa) compared to an Epon-amine cured 
system resulted in the same way (1.9±0.193 GPa). Table 3.7 lists all (Epon®828, 
Epon®836 and Epon®1001F) the flexural properties of DGEBA based epoxy resins 
cured using varying wt.% of EMIMDCN. When using 1 wt.% EMIMDCN, the flexural 
and fracture toughness properties were relatively lower. Increasing EMIMDCN 
concentration slightly, significantly improved the flexural strength, moduli and fracture 
toughness of the polymer. Using only 6 wt.% more of EMIMDCN increases the flexural 
modulus to 2.5 GPa or greater and flexural strength to 100 MPa or greater. Therefore, 
using EMIMDCN as curing agent for DGEBA resins results in good flexural and fracture 
toughness properties. Interestingly, for very low EMIMDCN concentrations the 
Epon®836 samples had significantly higher flexural and fracture properties compared to 
Epon®828,  but the Tg of the Epon®836 polymers is lower.  Generally a large range of 
formulations is possible that yield materials with room temperature modulus greater than 
2 GPa and with strength greater than 100 MPa.  These are typical values associated with 
epoxy resins used in engineering applications. 
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Figure 3-12: Fracture Toughness (GIC) behavior of Epon®828 and Epon®836 as a 
function of EMIMDCN content. (●) Epon®828; (▲) Epon®836. GIC increases with 
increasing concentration of EMIMDCN as well as increasing molecular weight of epoxy. 
 
. 
 
EMIMDCN content (wt.%) 
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Figure 3-13: Flexural strength behavior of Epon®828 and Epon®836 as a function of 
EMIMDCN content. (●) Epon®828; (▲) Epon®836. Flexural strength increases with 
increasing concentration of EMIMDCN as well as increasing molecular weight of epoxy.
EMIMDCN content (wt.%) 
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Table 3-7: The flexural modulus, strength and fracture toughness of EMIMDCN cured 
DGEBA based epoxy resins 
 
  
Flexural 
strength 
(MPa) 
Flexural 
modulus 
(GPa) 
Fracture 
toughness Gic 
(J/m
2
) 
       1 wt.% EMIMDCN + Epon®828 75.1 ± 14.5 1.46 ± 0.23 101 ± 80 
3 wt.%  EMIMDCN  +  Epon®828 77.9 ± 15.9 2.67 ± 0.13 306 ± 87 
5 wt.%  EMIMDCN  +  Epon®828 99.3 ± 6.2 2.78 ± 0.24 312 ± 30 
7 wt.%  EMIMDCN  +  Epon®828 117.2 ± 16.5 2.79 ± 0.17 403 ± 36 
9 wt.%  EMIMDCN  +  Epon®828 136.5 ± 6.9 2.92 ± 0.16 505 ± 85 
1 wt.%  EMIMDCN  + Epon®836 82.7 ± 14.5 1.67 ± 0.57 184 ± 24 
5 wt.%  EMIMDCN  +  Epon®836 116.5 ± 6.2 2.36 ± 0.24 374 ± 86 
9 wt.%  EMIMDCN  +  Epon®836 128.9 ± 4.8 3.10 ± 0.01 550 ± 54 
9 wt.%  EMIMDCN  + Epon®1001F 118.6 ± 1.3 2.99 ± 0.20 
 
2493 ± 260 
 
10 mol%  EMIMDCN  + Epon®828 99.3 ± 8.1 2.72 ± 0.12 311 ± 45 
10 mol%  EMIMDCN  + Epon®836 104 ± 13.8 1.84 ± 0.37 370 ± 36 
10 mol%  EMIMDCN  + Epon®1001F 115.1 ± 25.5 1.75 ± 0.20 1535 ± 268 
Epon®828 + PACM 114.8 ± 14.5 1.9 ± 0.19 295 ± 50 
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3.3.2.4 Polymer Fracture Surface Morphology 
 
Figures 3.14, 3.15 and 3.16 show the fracture surface morphology of 9 wt.% 
EMIMDCN cured Epon®828; Epon®836 and Epon®1001F obtained using SEM. The 
fracture surface morphology is typical of epoxy systems.  Phase separation is not 
observed and the hack-like fracture surface morphology is more apparent for the higher 
molecular weight DGEBA materials which exhibit high fracture toughness. In this case 
the ridges appear further apart and are deeper perhaps showing localized regions of 
plastic deformation. 
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Figure 3-14: Fracture surface morphology image of Epon®828 + 9 wt.% EMIMDCN 
shows no phase separation and EMIMDCN well dispersed in Epon®828. 
 
 
 
 
Figure 3-15: Fracture surface morphology image of Epon®836 + 9 wt.% EMIMDCN 
shows no phase separation and EMIMDCN well dispersed in Epon®836. Epon®836 
polymer gradients are larger than Epon®828 
 
9 
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Figure 3-16: Fracture surface morphology image of Epon®1001F + 9 wt.% EMIMDCN 
shows no phase separation and EMIMDCN well dispersed in Epon®1001F. 
Epon®1001F polymer gradients are larger than Epon®836 and hack like fracture surface 
morphology is more apparent.  
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3.3.3 Properties of Adduct / Epoxy system 
 
In Chapter 2 it was shown that the reaction of EMIMDCN with epoxy results in 
the formation of an adduct that can be isolated and used to initiate epoxy polymerization 
when added in small quantities.  In this section the properties of epoxy thermosets formed 
in this way are explored. 
 
3.3.3.1 Resin Properties 
 
It has been shown that adducts of EMIMDCN with epoxy monomers when added 
to DGEBA can induce epoxy polymerization and the formation of a cross-link thermoset 
polymer. Figure 2.32 shows DSC scans for mixtures of Epon®828 DGEBA with varying 
amounts of adduct (3 - 9 wt.%) formed by the stoichiometric reaction of PGE with 
EMIMDCN.  These concentrations would be equivalent to 1.6, 2.7 and 4.9 wt.% of 
EMIMDCN relative to the entire system. 
 
3.3.3.2 Thermal Properties of the polymer 
 
DGEBA cured with the EMIMDCN-PGE adduct were prepared by following 
procedure given is 3.2.2.2.  The dynamic mechanical properties EMIMDCN-PGE adduct/ 
Epon®828 thermosets are shown in figure 3.17, for the three adduct concentrations. The 
Tg decreases with increasing adduct concentration, this follows the same trend observed 
in the EMIMDCN/Epon®828, however the Tg values are lower than samples prepared 
directly with equivalent EMIMDCN content.  This is shown Figure 3.18 where Tg is 
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plotted as a function EMIMDCN content for the PGE adduct-DGEBA and direct 
EMIMDCN/DGEBA systems.  There are at least two possible explanations for the 
observed lower Tg. First, PGE is a monofunctional monomer that acts as a chain extender 
reducing crosslink density, a PGE-EMIMDCN adduct would have the same effect. 
Second, lower Tg would be associated with the presence of adduct that is not incorporated 
into the network that act as a plasticizer.  The Tg of the adduct was reported earlier in 
section 2.3.1.2 to be 8.32 °C   The room temperature storage modulus was found to range 
between 2.25 and 2.5  GPa, This range of values is arguably good compared to current 
latent curing agents and EMIMDCN/Epon®828 system. 
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Figure 3-17: Storage modulus and loss modulus behavior of different concentration of 
Adduct of (●) 3 wt.% ; (■) 5 wt.% ; (▲) 9 wt.% with Epon®828. Adduct cured polymers 
thermo mechanical properties are compatible for EMIMDCN cured polymers.
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wt. % 
Adduct 
Equivalent 
wt.% 
EMIMDCN 
Tg (°C) 
Molecular Weight between 
cross-links, Mc (g/mol) 
3 1.6 141 53.8 
5 2.7 135 85.2 
9 4.9 124 71.1 
 
 
Table 3-8: Glass transition temperature (Tg) and Molecular Weight between cross-links 
of PGE-EMIMDCN adduct cured Epon®828 based epoxy resins. 
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Figure 3-18: Tg (°C) of DGEBA polymer prepared using different amounts of PGE-
EMIMDCN adduct (●); and EMIMDCN (■); with Epon®828. EMIMDCN cured 
polymers Tg is higher than adduct cured. 
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3.3.3.3 Thermal Stability of the Polymer from Adduct 
 
The thermal decomposition behavior of EMIMDCN-PGE adduct/Epon®828 
materials is shown by the TGA plots in Figure 3.19, where the % weight loss is plotted 
against temperature. Polymers made using 5 wt.%, 9 wt.% and 12 wt.% adduct were 
tested.  The decomposition temperatures defined as the temperature at which 5 wt.% of 
the sample was lost were found to be 384°C, 357°C and 351°C for the 5 wt.%, 9 wt.% 
and 12 wt.% adduct systems respectively. Generally higher adduct concentration results 
in a decrease in decomposition temperature.  However all decomposition temperatures 
are well above 300°C showing that the adduct cured polymers also have appreciable 
thermal stability. 
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Figure 3-19: The decomposition (Td) behavior of Epon®828 with different wt.% of 
PGE-EMIMDCN adduct. (●) 5 wt.% adduct; (▲) 9 wt.% Adduct; (■) 12 wt.% Adduct. 
Adduct cured polymers Td is > 300°C and Td decreases with increasing adduct 
concentration.
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3.4 Chapter Conclusion 
 
The overall objective of this work is to obtain a better understanding of epoxy 
termosets prepared using imidazolium RTILs as latent initiators.  The aim of this chapter 
was to evaluate the processing and material characteristics of this new class of latent 
epoxy system. 
The processing behavior of EMIMDCN-DGEBA mixtures with EMIMDCN was 
assessed by measuring viscosity, cure behavior, and the heat of reaction for resin 
mixtures with EMIMDCN content up to 20 wt.%.  This allowed for the appropriate 
selection of a cure schedule for making cured epoxy samples for mechanical 
characterization.  Moreover, the results of these experiments show that the EMIMDCN-
DGEBA system has excellent processing characteristics and exhibits exemplary latent 
behavior. 
The addition of EMIMDCN to DGEBA (Epon®828) results in slight increase of 
room temperature viscosity at low EMIMDCN concentration (<3 wt.%) and very 
significant decreases at higher EMIMDCN concentration, for example more than a 75% 
decrease of Epon®828 viscosity when 20 wt.% EMIMDCN is used.  This behavior is 
helpful in polymer composite fabrication where low viscosity helps infiltration.  The 
viscosity increase at low EMIMDCN concentration was attributed to strong interactions 
between the EMIMDCN and the hydroxyl group found on the DGEBA.   
Isothermal and dynamic DSC experiments were conducted to evaluate the cure 
behavior of EMIMDCN-Epon®828 systems.  A two-stage cure is observed in all cases.  
The heat of reaction per gram of mixture ranged from 540 J/g to 486 J/g with a general 
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trend showing a decrease with increasing EMIMDCN concentration.   When calculated 
using moles of epoxy moiety consumed as a basis, the heat of reaction varies from 98 
J/mol to 109 J/mol with a trend showing higher heats of reaction with increasing 
EMIMDCN concentration.  This suggests that the adduct formation reaction could be 
slightly more exothermic than propagation reactions. Nevertheless, the values obtained 
are consistent with those found in the literature for epoxy polymerization.  Hence the 
reaction is highly exothermic and a two-stage cure schedule was adopted for the 
preparation of thick polymer samples. 
The latency of the EMIMDCN-Epon®828 system was assessed by measuring the 
residual heat reaction for samples aged at room temperature for periods of time up to 60 
days.  The samples remained liquid and it was found that the heat of reaction did not vary 
significantly during this time suggesting little or no epoxy conversion for up to 60 days.  
However, after 30 days significant changes in the cure behavior were observed.   
The mechanical behavior of the EMIMDCN-DGEBA systems were assessed by 
measuring storage modulus and Tg, using DMA, as well as by obtaining flexural 
properties, and fracture toughness for systems in which EMIMDCN concentration was 
varied up to 20 wt.% and the DGEBA molecular weight was varied form 372 g/mol to 
1096 g/mol. 
The dynamic mechanical behavior for the range of compositions investigated 
shows that a single sharp glass transition is observed in all cases suggesting a 
homogeneous material absent of phase separation.  Except for lower concentrations of 
EMIMDCN, the glassy modulus at room temperature was generally found to be greater 
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than 2 GPa.  For the systems investigated the Tg as measured by the peak in loss modulus 
ranged from of 172°C to 62°C.  Generally, for a given DGEBA, the Tg was found to 
decrease with increasing EMIMDCN concentration.  Increasing DGEBA molecular 
weight resulted in lower Tg for systems cured using the same molar or weight fraction 
concentration of EMIMDCN.   The flexural strength of cured EMIMDCN-DGEBA was 
found to increase from 55 MPa to 136 MPa with increasing EMIMDCN concentration in 
the range of 1-9 wt.%.  Values greater than 100 MPa, a commonly accepted value for 
epoxies used in engineering applications, were obtained with EMIMDCN concentration 
greater than 5 wt.%. The fracture toughness (GIC) also increased with increasing 
EMIMDCN concentration for range of compositions investigated.  In the case of 
EMIMDCN-Epon®828 formulations GIC increased from 101±80 J/m
2
 for 1 wt.% 
EMIMDCN to 505 J/m
2 
for 9 wt.% EMIMDCN.  These values compare very favorably 
with amine cured Epon®828 systems and are superior to other chain polymerized 
systems.  Fracture toughness was also found to increase with increasing DGEBA 
molecular weight with the highest value of fracture toughness being obtained for 
Epon®1001F cured using 9 wt.% EMIMDCN.  
Finally, it was found that epoxies cured using EMIMDCN-PGE adducts as 
initiators have properties comparable to those cured directly with EMIMDCN further 
supporting our conclusion that the adduct serves as initiator for epoxy polymerization in 
these systems.  
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 SUMMARY, CONCLUSIONS AND FUTURE WORK CHAPTER 4. 
 
 
 Summary of Goals and Accomplishments 4.1. 
 
The overall objective of this work was to obtain a better understanding of epoxy thermosets 
prepared using imidazolium dicyanamide RTILs as latent initiators.  Two specific aims were 
associated with this work. 
1. The first aim was to investigate the reaction behavior of epoxy resins with EMIMDCN 
and to propose possible reaction paths leading to polymerization. 
2. The second aim was to evaluate the processing and materials characteristics of this new 
class of latent epoxy system. 
 
The work presented in Chapters 2 and 3 addresses the aforementioned specific aims and was 
conducted primarily using EMIMDCN.  However, the conclusions are valid also for a broader 
class 1, 3 substituted imidazolium dicyanamide RTILs as presented in the appendices.  The 
findings and conclusions related to these aims are summarized in Sections 4.2.1 and 4.2.2.  They 
represent a significant advancement in the understanding of a novel class of latent curing agents 
for epoxies.  For the first time the mechanical properties of these systems are reported.  
Furthermore, as results of the first-time observation of adduct formation, its isolation and its 
characterization, significant progress has been made in understanding the cure mechanism of the 
new system.  
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 Conclusions 4.2. 
 
 Conclusions Regarding Reaction Behavior 4.2.1. 
 
Following are conclusions related to the first aim of this work which was to investigate 
reaction behavior of epoxy resins with EMIMDCN and to propose possible reaction paths 
leading to polymerization. 
Evidence was presented that supports the formation of adducts of the epoxy monomer 
with the imidazolium ring of EMIMDCN.  This evidence included the following observations:  
(1) Based on dynamic and isothermal cure experiment the reaction follows a clear two-stage 
process; (2) The variation of Tg  for the reaction products of PGE and EMIMDCN for varying 
molar ratios shows clear difference for systems above and below  the 1:1 molar composition; (3) 
GPC measurement of reaction products of PGE with EMIMDCN show the disappearance of 
PGE and the concomitant formation of  a higher molecular weight species; and, (4) Apparent 
second order kinetics were found for excess EMIMDCN-PGE  compositions up to moderate 
conversion. 
Based on these results the presumed adduct was isolated by reacting PGE and 
EMIMDCN in 1:1 molar ratio.  This reaction mixture was analyzed before and after reaction 
using near-FTIR, mid-FTIR, and 
1
H-HMR techniques.  The results indicate that in the process of 
adduct formation epoxy is completely consumed and that significant changes occur to the 
imidazolium ring of EMIMDCN while the dicyanamide counterion remains intact. 
1
H-NMR 
analysis shows a significant loss of the imidazolium proton at the 2 position as well as changes 
consistent with imidazolium ring opening.  Moreover, mid-FTIR shows the formation of 
aldehyde and amide groups.  These observations are consistent with both the direct formation of 
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adduct structures between the imidazolium ring and the epoxy and the ring opened structures that 
can also lead to the formation of adducts.   Imidazolium ring opening is based on a hydrolysis 
reaction and it was found that small quantities of water were present in the reaction mixture 
despite drying because of the hydrophilic nature of EMIMDCN.  Moreover, near-FTIR shows 
that the water is consumed during adduct formation. 
Possible reaction schemes for epoxy polymerization were presented for both direct 
adduct formation and imidazolium ring reactions.  In both cases the proposed adducts are 
predicted to induce anionic epoxy polymerization.   In fact, it was demonstrated that mixtures of 
adduct with fresh epoxy polymerize readily when heated.   
 
 Conclusion Related to Processing and Material Behavior 4.2.2. 
 
The second aim of this work was to evaluate the processing and material characteristics 
of this new class of latent epoxy system.  Conclusions regarding this aim are given in the 
following subsections. 
 
 Material Behavior 4.2.2.1. 
 
The processing behavior of EMIMDCN-DGEBA mixtures with EMIMDCN was 
assessed by measuring viscosity, cure behavior, and the heat of reaction for resin mixtures with 
EMIMDCN content up to 20 wt.%.  This allowed for the appropriate selection of a cure schedule 
for making cured epoxy samples for mechanical characterization.  Moreover, the results of these 
experiments show that the EMIMDCN-DGEBA system has excellent processing characteristics 
and exhibits exemplary latent behavior. 
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The addition of EMIMDCN to DGEBA (Epon®828) results in slight increase of room 
temperature viscosity at low EMIMDCN concentration (<3 wt.%) and very significant decreases 
at higher EMIMDCN concentration – for example more than a 75% decrease of Epon®828 
viscosity when 20 wt.% EMIMDCN is used.  This behavior is helpful in polymer composite 
fabrication where low viscosity helps infiltration.  The viscosity increase at low EMIMDCN 
concentration was attributed to strong interactions between the EMIMDCN and the hydroxyl 
group found on the DGEBA.   
Isothermal and dynamic DSC experiments were conducted to evaluate the cure behavior 
of EMIMDCN-Epon®828 systems.  A two-stage cure is observed in all cases.  The heat of 
reaction per gram of mixture ranged from 540 J/g to 486 J/g with a general trend showing a 
decrease with increasing EMIMDCN concentration.   When calculated using moles of epoxy 
moiety consumed as a basis, the heat of reaction varies from 98 J/mol to 109 J/mol with a trend 
showing higher heat of reaction with increasing EMIMDCN concentration.  This suggests that 
the adduct formation reaction could be slightly more exothermic than propagation reactions. 
Nevertheless, the values obtained are consistent with those found in the literature for epoxy 
polymerization.  Hence the reaction is highly exothermic and a two-stage cure schedule was 
adopted for the preparation of thick polymer samples. 
The latency of the EMIMDCN-Epon®828 system was assessed by measuring the 
residual heat reaction for samples aged at room temperature for periods of time up to 60 days.  
The samples remained liquid and it was found that the heat of reaction did not vary significantly 
during this time suggesting little or no epoxy conversion for up to 60 days.  However, after 30 
days significant changes in the cure behavior were observed.   
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 Mechanical Behavior 4.2.2.2. 
 
The mechanical behavior of the EMIMDCN-DGEBA systems was assessed by 
measuring storage modulus and Tg, using DMA, as well as by obtaining flexural properties, and 
fracture toughness for systems in which EMIMDCN concentration was varied up to 20 wt.% and 
the DGEBA molecular weight was varied form 372 g/mol to 1096 g/mol. 
The dynamic mechanic behavior for the range of compositions investigated shows that a 
single sharp glass transition is observed in all cases suggesting a homogeneous material absent of 
phase separation.  Except for lower concentrations of EMIMDCN, the glassy modulus at room 
temperature was generally found to be greater than 2 GPa.  For the systems investigated the Tg as 
measured by the peak in loss modulus ranged from of 172°C to 62°C.  Generally, for a given 
DGEBA, the Tg was found to decrease with increasing EMIMDCN concentration.  Increasing 
DGEBA molecular weight resulted in lower Tg for systems cured using the same molar or weight 
fraction concentration of EMIMDCN.   The flexural strength of cured EMIMDCN-DGEBA was 
found to increase from 55 MPa to 136 MPa with increasing EMIMDCN concentration in the 
range of 1-9 wt.%.  Values greater than 100 MPa , a commonly accepted value for epoxies used 
in engineering applications, were obtained with EMIMDCN concentration greater than 5 wt.%. 
The fracture toughness (Gic) also increased with increasing EMIMDCN concentration for range 
of compositions investigated.  In the case of EMIMDCN-Epon®828 formulations GIc increased 
from 101± 80 J/m
2
 for 1 wt.% EMIMDCN to 505 J/m
2 
for 9 wt.% EMIMDCN.  These values 
compare very favorably with amine cured Epon®828 systems and are superior to other chain 
polymerized systems.  Fracture toughness was also found to increase with increasing DGEBA 
molecular weight with the highest value of fracture toughness being obtained for Epon®1001F 
cured using 9 wt.% EMIMDCN.  
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Finally, it was found that epoxies cured using EMIMDCN-PGE adducts as initiators have 
properties comparable to those cured directly with EMIMDCN further supporting our conclusion 
that the adduct serves as initiator for epoxy polymerization in these systems.  
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 Future Work 4.3. 
 
Recommended future directions of this research are broken down into two specific areas. 
The first focuses on conducting studies to understand the influence of water on reaction behavior 
and chemistry of the RTIL-epoxy systems. The second involves linking the composition and cure 
behavior to cured polymer performance characteristics. 
 
 Influence of water on chemistry 4.3.1. 
 
It was determined in Chapter 2 that influence if water impacts the chemistry of the RTIL-
epoxy reaction. This happens both through potential hydrolysis of the imidazolium ion and by 
potentially by disruption of the epoxy anionic polymerization. An inherent limitation associated 
with the current sample preparation technique and the fact that the RTIL liquids employed are 
highly hydrophilic is that small but significant amounts of water are found in the system. It will 
be important to obtain reaction data in the absence of water in order to better understand the 
initiation mechanism for these latent cures systems.  
 
 Linking Reaction Behavior to Cured Epoxy Composition 4.3.2. 
 
This work has shown that adduct structures are formed that initiate the anionic 
polymerization of epoxy.  The rate of adduct formation was measured but the rate of subsequent 
epoxy polymerization was difficult to establish because of the influence of water.  On a 
superficial level it appears that water might retard and then accelerate the epoxy reaction.  
Assuming that experiments can be conducted in the absence of water and that the influence of 
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water on reaction behavior is well established an effort should be undertake to relate initial 
composition and processing conditions to cured material composition.  In particular we are 
interested in knowing what amount of RTIL remains unreacted, how much adduct is formed and, 
what fraction of adduct is incorporated into the epoxy network as these factors influence the 
behavioral characteristics of the cured epoxy. 
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APPENDIX A.  : RESIN AND POLYMER PROPERTIES OF OTHER 
IMIDAZOLIUM CATION DICYANAMIDE ANION RTILS WITH EPOXY 
RESINS 
 
A.1.  Introduction 
 
Chapter 3 contents described the processing and material properties of the 1-
ethyl-3-methylimidazolium dicyanamide (EMIMDCN) and 1-ethyl-3-methylimidazolium 
dicyanamide adduct (EMIMDCN-adduct) systems. This chapter dedicated to the 
discussion of tailored structures of imidazolium cation and dicyanamide anion RTILs 
with processing properties and cured polymer properties.  Specific RTILs like 1-butyl-3-
methylimidazolium dicyanamide (BMIMDCN), 1-(2-hydroxyethyl)-3-
methylimidazolium dicyanamide (1-2OHEMIMDCN) and 1-(3-cyanopropyl)-3-
methylimidazolium dicyanamide (1-3CNPMIMDCN) are chosen for this work.  
This chapter divided in to four main sections. First section describes the materials 
and procedures used to conduct this research.  The second section reports on the 
processing behavior of BMIMDCN, 1-2OHEMIMDCN, 1-3CNPMIMDCN / DGEBA, 
Epon®828 system, elaborating on the viscosity and cure behavior of the system.  The 
third section discusses the thermo-mechanical behavior, and thermal properties of 
BMIMDCN, 1-2OHEMIMDCN, 1-3CNPMIMDCN/DGEBA polymer system once it is 
cured. The final section of the chapter contains the summary of the BMIMDCN, 1-
2OHEMIMDCN, 1-3CNPMIMDCN resin properties and cured material properties. 
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A.2.  Experimental 
 
A.2.1.  Materials 
 
The chemical structures of materials used in this investigation are given in Table 
A.1. Diglycidyl ether of bisphenol A (Epon®828, EEW = 186±3 g/mol; Epon®836, 
EEW = 307±3 g/mol; Epon®1001F, EEW = 548±3 g/mol) are purchased from Miller 
Stephenson (Epon®828, Epon®1001F) and Resolution Performance Products 
(Epon®836). The ionic liquid 1-butyl-3-methylimidazolium dicyanamide (BMIMDCN, 
molecular weight = 205.26 g/mol) was purchased from Solvent Innovation GmBh and 1-
(2-hydroxyethyl)-3-methylimidazolium dicyanamide (1-2OHEMIMDCN, molecular 
weight = 193.21 g/mol) and 1-(3-cyanopropyl)-3-methylimidazolium dicyanamide (1-
3CNPMIMDCN, molecular weight = 216.24 g/mol) are purchased from sigma Aldrich. 
Epon®828, BMIMDCN, 1-2OHEMIMDCN and 1-3CNPMIMDCN were dried using 
12Å molecular sieves for 24 hrs at ambient temperature of ~22°C and left  in an oven at 
110°C over night before use, but Epon®836 and Epon®1001F were used as purchased.   
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DGEBA based epoxy resins 
 
 
1-butyl-3-methylimidazolium 
dicyanamide (BMIMDCN) 
 
 
1-(2-hydroxyethyl)-3-
methylimidazolium 
dicyanamide (1-
2OHEMIMDCN) 
 
 
1-(3-cyanopropyl)-3-
methylimidazolium 
dicyanamide (1-
3CNPMIMDCN) 
 
Table A-1: Chemical Structures of DGEBA based epoxy resins, BMIMDCN, 1-
2OHEMIMDCN and 1-3CNPMIMDCN. 
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A.2.2.   Resin Mixing and Cure 
 
The method for preparing resin mixture and cure procedure is given in section 
3.2.2, where RTILs are BMIMDCN or 1-2OHEMIMDCN or 1-3CNPMIMDCN not 
EMIMDCN. 
 
A.2.3.  Resin Viscosity Measurement 
 
The method for measuring viscosity of BMIMDCN/Epon®828, 1-
2OHEMIMDCN/Epon®828 and 1-3CNPMIMDCN/Epon®828 is given in section 3.2.5. 
 
A.2.4.   Differential Scanning Calorimetry (DSC) 
 
The method for measuring heat flow and Tg of BMIMDCN/Epon®828, 1-
2OHEMIMDCN/Epon®828 and 1-3CNPMIMDCN/Epon®828 is given in section 3.2.6. 
 
A.2.5.  Dynamic Mechanical Analysis (DMA) 
 
The method of DMA Analysis used for these systems is given in section 3.2.7. 
 
A.2.6.  Thermal Gravimetric Analysis (TGA) 
 
The method of TGA Analysis used for these systems is given in section 3.2.10. 
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A.3.  Results and Discussion 
 
 
A.3.1.  Processing Properties of Imidazolium dicyanamide/Epoxy system 
 
Epon®828 resin was used in this work to understand the processing behavior of 
the BMIMDCN or 1-2OHEMIMDCN or 1-3CNPMIMDCN / epoxy system. Resin 
viscosity and cure behavior of the Epon®828 / BMIMDCN or 1-2OHEMIMDCN or 1-
3CNPMIMDCN blends were investigated separately for a wide range of IL 
concentrations. 
 
A.3.1.1.  Resin Viscosity 
 
The viscosity of Epon®828 / BMIMDCN is shown as a function of BMIMDCN 
content in Figure A.1. The resin viscosity was lower compared to pure Epon®828 for 
samples using 5 wt.% or higher BMIMDCN content. This was expected because 
BMIMDCN viscosity is low 0.0282 ± 0.0037 Pa.s compare to the Epon®828 viscosity of 
12.9 ±0.1 Pa:s at 25°C.  But an interesting behavior was observed with BMIMDCN 
content less than 5 wt.% like 1 wt.% and 3 wt.% where a higher viscosity compared to 
that of pure Epon®828 was observed.  The initial increase in viscosity could be a result 
of higher polar interactions between the hydroxyl group in Epon®828 and BMIMDCN.  
This behavior was observed the Epon®828/ EMIMDCN system as well. It is interesting 
to note that a 1:1 molar ratio of OH groups in the epoxy and BMIMDCN occurs at 
BMIMDCN concentration of ~ 2.97 wt.%. Therefore it is expected that up to this 
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concentration of BMIMDCN strong interactions are increasingly formed between 
DGEBA and the ionic liquid. This increase viscosity, but that once the BMIMDCN in 
excess of this stoichiometry is added concentrations ≥ 2.97 wt.% the diluting nature of 
the lower viscosity BMIMDCN is expressed. This exact behavior was observed in 
Epon®828/EMIMDCN system in Chapter 3. The viscosities of Epon®828/ BMIMDCN 
system are within the range of the current commercial resins. Table A.2 summarizes the 
viscosities of pure ILs and 15 mol % IL with epon®828 blends at 25°C. It is interesting 
to note that the viscosities of the pure Ils increases with the addition of side groups and 
polar groups. The BMIMDCN viscosity is higher than EMIMDCN and pure 1-
2OHEMIMDCN; pure 1-3CNPMIMDCN viscosities are higher than pure EMIMDCN, 
pure BMIMDCN. This exact trend again appears at the IL/Epon®828 blend.  
Figure A.2 shows the DSC thermograms of the different concentrations of 
BMIMDCN with Epon®828 between -70°C to 50°C. The Tg behavior of the 
BMIMDCN/Epon®828 blends, which also shows the same trend that was observed in 
Chapter 3 with Epon®828/EMIMDCN blend, which suggests strong interactions between 
DGEBA and the BMIMDCN.  The Tg transition is clearly visible for all samples. The 
results show that Tg of the BMIMDCN/Epon®828 resin blend does not decrease as 
expected at lower concentrations of BMIMDCN but decreases for compositions 
containing ≥ 5 wt.% BMIMDCN. The Tg of pure BMIMDCN is –50.9 °C and the Tg of 
pure Epon®828 is -19.14 °C.  Figure A.3 shows the fox equation model predicted Tg vs. 
the DSC experimental Tg. Thus the mixture does not follow typical blend behavior 
suggesting strong interactions between the two components, which was observed in 
EMIMDCN/Epon®828 blend as well. Figure A.4 shows the DSC thermogram of the 
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same concentration ( 15 mol %) of IL with Epon®828, all four ILs were very close in Tg 
for the blends, which is acceptable because the pure ILs Tg’s are around -50°C. 
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Figure A-1: Viscosity behavior of Epon®828/BMIMDCN resin as a function of 
BMIMDCN concentration content at 25°C. Viscosity of the resin mixture decreases with 
increasing BMIMDCN concentration. Initial increase in viscosity suggests the polar 
interaction between the hydroxyl group in Epon®828 and BMIMDCN.   
 
 
 
BMIMDCN Content (wt.%) 
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Figure A-2: DSC behavior of Epon®828/BMIMDCN resin as a function of BMIMDCN 
content, temperature between -70 to 50°C. (●) 3 wt.% ; (■) 5wt% ; (□) 7 wt.% ; (╬) 9 
wt.% ; (♦) 12 wt.% ; (▲) 20 wt.%. Resin blend Tg does not decrease as expected at lower 
concentrations of BMIMDCN but decreases for compositions containing ≥ 5 wt.% 
BMIMDCN. 
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Figure A-3: Tg behavior of Epon®828 with BMIMDCN from DSC analysis (●) 
and predicted fox model (-----).The mixture does not follow typical blend 
behavior suggesting strong interactions between the two components. 
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Figure A-4: DSC behavior of Epon®828/15 mol % IL resin as a function of ILs, 
temperature between -70 to 50°C. (●)  BMIMDCN; (■) EMIMDCN; (♦) 1-
2OHEMIMDCN; (x) 1-3CNPMIMDCN. All four ILs have the similar resin Tg. 
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Ionic Liquid 
Pure Ionic Liquid 
Epon®828 + 15 mol % Ionic 
Liquid 
Viscosity at 
25°C (Pa.s) 
Tg (°C) 
Viscosity at 
25°C (Pa.s) 
Tg (°C) 
EMIMDCN 0.016 ± 0.0021 -50.1 ± 0.8 12.25 ± 0.03 -23.08 ± 2.2 
BMIMDCN 0.028 ± 0.0004 -50.9 ± 1.2 13.35 ± 0.02 -23.25 ± 1.5 
1-2OHEMIMDCN 0.081 ± 0.0009 -51 ± 0.35 14.75 ± 0.03 -22.64 ± 2.7 
1-3CNPMIMDCN 0.144 ± 0.0020 -51.4 ± 0.7 15.95 ± 0.04 -21.19 ± 3.1 
 
Table A-2: Summary of the pure IL and 15 mol % IL/Epon®828 blend viscosity and 
resin Tg 
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A.3.1.2 Cure Behavior 
 
 
Figure A.5 shows DSC thermograms for Epon®828/BMIMDCN mixtures with 
BMIMDCN content ranging from 3 wt.% to 20 wt.%. Figure A.6 shows the 15 mol % IL 
with Epon®828. An exothermic profile is observed in all cases as reaction is apparent 
above 100°C like EMIMDCN/Epon®828 systems that was discussed in chapter 3, 
moreover there are at least two exothermic peaks visible; the first presumably associated 
with adduct formation at lower temperature and second associated with subsequent epoxy 
polymerization at higher temperature.  This was discussed in Chapter 2. It is observed 
that as the concentration of BMIMDCN is increased the second peak becomes less 
prominent while the first increases in size.  In fact for the 20 wt.% system the second 
peak is absent. Table A.3 list the heat of reaction obtained by integrating the DSC heat 
flow curves.  Also included is the heat of reaction per mole of epoxy.  The average of this 
value for all compositions of BMIMDCN/Epon®828 is 102 ± 5 J/g, 1-
2OHEMIMDCN/Epon®828 is 104 ± 4 J/g and 1-3cnpmimdcn/Epon®828 is 102 ± 4 J/g.  
These values are very close to the heats of reaction for epoxy ring opening
11
 98 - 107 
kJ/mol of epoxy and about to be same as EMIMDCN/Epon®828 systems discussed in 
chapter 3. Therefore the polymerization of epoxies using the ionic liquid BMIMDCN, 1-
2OHEMIMDCN and 1-3CNPMIMDCN is highly exothermic like EMIMDCN.  It was 
important to develop a cure cycle that did not result in burning of samples yet provided 
full cure.  The same concentration ILs with Epon®828 has the heat of reaction between 
98 – 102 kJ/g and the onset temperature to be in the range of 115-120°C. Therefore, the 
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polymerization of the epoxy with the same imidazolium anion and dicyanamide anion has 
an exothermic reaction with the same cure behavior. 
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Figure A-5: DSC behavior of Epon®828/BMIMDCN resin as a function of BMIMDCN 
content, temperature between 50-200°C. Exotherm was showed upward on the graph. (●) 
3 wt.% ; (■) 5wt% ; (□) 7 wt% ; ( ) 9 wt% ; (♦) 12 wt% ; (▲) 20 wt%. Change in dual 
exotherm, constant heat flow, which is consistent with current epoxy ring opening. This 
explains polymerization of epoxy with BMIMDCN is highly exothermic. 
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Figure A-6: DSC behavior of Epon®828/ 15 mol% IL resin as a function of IL content, 
temperature between 50-200°C. Exotherm was showed upward on the graph. (●) 
EMIMDCN ; (■) BMIMDCN ; (♦) 1-2OHEMIMDCN ; (x) 1-3CNPMIMDCN. All four 
ILs has similar onset temperature and heat of reaction. This explains all four ILs has 
similar cure behavior with Epon®828. 
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wt.% IL 
Heat flow 
(J/g) 
mixture 
Heat flow 
(J/g.Epon®828) 
Heat flow 
(KJ/mol 
epoxy) 
3 wt.% BMIMDCN 530 ± 5 546 98 
5 wt.% BMIMDCN 505 ± 7.2 537 97 
7 wt.% BMIMDCN 497 ± 10 546 98 
9 wt.% BMIMDCN 501 ± 2.4 557 100 
12 wt.% BMIMDCN 526 ± 3.9 598 108 
20 wt.% BMIMDCN 515 ± 9 606 109 
3 wt.% 1-2OHEMIMDCN 545 ± 4.8 561 101 
5 wt.% 1-2OHEMIMDCN 520 ± 5.5 547 99 
7 wt.% 1-2OHEMIMDCN 519 ± 2.7 558 100 
9 wt.% 1-2OHEMIMDCN 544 ± 3.9 598 108 
12 wt.% 1-2OHEMIMDCN 526 ± 1.8 598 108 
20 wt.% 1-2OHEMIMDCN 474 ± 12 592 107 
5 wt.% 1-3CNPMIMDCN 520 ± 11.6 548 99 
9 wt.% 1-3CNPMIMDCN 509 ± 17.2 559 101 
20 wt.% 1-3CNPMIMDCN 470 ± 2.6 588 106 
15 mol% EMIMDCN 514 ± 8.9 546 98 
15 mol% BMIMDCN 513 ± 7.3 552 99 
15 mol% 1-2OHEMIMDCN 528 ± 1.9 568 102 
15 mol% 1-3CNPMIMDCN 536 ± 3.5 579 104 
 
Table A-3: DSC analysis of the heat flow behavior of different concentrations of ILs 
with Epon®828. 
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A.3.2 Mechanical Properties of Imidazolium dicyanamide/Epoxy system 
 
In this section the thermo-mechanical properties and thermal stability of DGEBA 
cured with 1-buty-3-methylimidazolium dicyanamide (BMIMDCN) or 1-(2-
hydroxyethyl)-3-methylimidazolium dicyanamide (1-2OHEMIMDCN) or 1-(3-
cyanapropyl)-3-methylimidazolium dicyanamide (1-3CNPMIMDCN) are reported. The 
influence of the BMIMDCN, 1-2OHEMIMDCN, 1-3CNPMIMDCN concentrations were 
evaluated using Epon®828 and the influence of DGEBA molecular weight was 
investigated by comparing properties of samples prepared using Epon®828, Epon®836 
and Epon®1001F. 
 
A.3.2.1 Dynamic Mechanical Properties 
 
Dynamic mechanical behavior of Epon®828/BMIMDCN polymers was obtained 
as described in section A.2.5. Figure A.7 contains representative loss modulus and 
storage modulus as a function of temperature for polymers made using BMIMDCN 
ranging 3 wt.% to 20 wt.%. The glass transition temperature decreases with increasing 
BMIMDCN concentration. In addition to the glass transition temperature a ß-transition 
also observed. The same glass transition behavior was observed with 
EMIMDCN/Epon®828 polymer system as well. The Tg, as measured by the temperature 
corresponding to the loss modulus peak is plotted as a function of BMIMDCN 
concentration for Epon®828, 836 and 1001F in Figure A.9.  The Tg of the cured resin 
decreases with increasing BMIMDCN content. Moreover, higher MW DGEBA has lower 
Tg for the same BMIMDCN concentration. Understandably, the BMIMDCN cured 
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DGEBA has lower Tg for the same EMIMDCN concentration. Again, the crosslink 
density significantly influences the Tg of the network polymers with higher cross-link 
density resulting in lower Tg.  
Figure A.8 shows the corresponding loss modulus and storage modulus behavior 
of the 15 mol % EMIMDCN, BMIMDCN, 1-2OHEMIMDCN and 1-3CNPMIMDCN 
with Epon®828. The Tg ranges between 143 to 155°C and the storage modulus is around 
2 GPa. Different concentrations of ILs (BMIMDCN, 1-2OHEMIMDCN and 1-
3CNPMIMDCN) cured Epon®828 polymer Tg is given in Figure A.11. It is an 
interesting observation to point that the polar groups of ILs cured polymer has higher Tg. 
The storage modulus obtained 50°C above Tg was used to determine the 
molecular weight between crosslinks as described by equation 3.1. Figure A.10 is a plot 
of rubbery modulus as a function of BMIMDCN concentration for the three DGEBA 
systems. Table A.4 contains the values of Tg and Tg+50°C storage modulus values used 
in Figures A.7, A.8, A.9 and A.11. In all cases, the molecular weight between crosslinks 
increases with increasing ILs content. This behavior was consistent with EMIMDCN 
polymer system and the epoxy chain polymerization where higher concentration of 
initiator resulting in lower Tg. As expected the molecular weight between crosslinks also 
increases with increasing molecular weight of the DGEBA with BMIMDCN, this shows 
with the decrease in Tg for the same concentration (9 wt.%) of BMIMDCN in Epon®828, 
Epon®836 and Epon®1001F. This exact trend was observed in Chapter 3 with 
DGEBA/EMIMDCN polymer system.  
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The room temperature storage modulus for the DGEBA/BMIMDCN, 1-
2OHEMIMDCN, 1-3CNPMIMDCN system is generally greater than 2 GPa for the 
compositions investigated and it is very favorable with EMIMDCN cured epoxy that was 
discussed in Chapter 3 as well as amine cured epoxies such as Epon®828/PACM. 
Therefore, BMIMDCN, 1-2OHEMIMDCN and 1-3CNPMIMDCN cured epoxy resins 
demonstrated the same thermo-mechanical trends and behavior that was observed in 
EMIMDCN cured epoxy polymers. 
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Figure A-7: The loss modulus and storage modulus behavior of Epon®828 with different 
wt. % of BMIMDCN. (●) 3 wt. %; (■) 5 wt. %; (▲) 20 wt. %. Smooth curve at -50°C, 
which explains EMIMDCN very well dispersed in Epon®828. 
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Figure A-8: The loss modulus and storage modulus behavior of Epon®828 with 15 
mol% IL (●) EMIMDCN; (■) BMIMDCN; (▲) 1-2OHEMIMDCN; (x) 1-
3CNPMIMDCN. Cured polymer has similar Tg and storage modulus for all four ILs. 
 
  
162 
 
 
 
 
Figure A-9: Glass transition temperature (Tg) behavior of BMIMDCN cured DGEBA 
based epoxy resins. (●) Epon®828; (■) Epon®836; (▲) Epon®1001F.  Tg of the cured 
polymer decreases with increasing BMIMDCN concentration as well as increasing 
molecular weight of epoxy. Crosslink density significantly influences the Tg of network 
polymers. 
 
 
BMIMDCN content (wt.%) 
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Figure A-10: Molecular weight between cross-links of BMIMDCN with different 
molecular weight of DGEBA based epoxy resins (●) Epon®828; (■) Epon®836; (▲) 
Epon®1001F. Molecular weight between cross-links increases with increasing 
BMIMDCN content as well as increasing molecular weight of epoxy. 
BMIMDCN content (wt.%) 
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Figure A-11: Glass transition temperature (Tg) behavior of Epon®828 with different ILs. 
(●) BMIMDCN; (■) 1-2OHEMIMDCN; (▲) 1-3CNPMIMDCN. Tg decreases with 
increasing IL content. 
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Resin Mixture 
Glass Transition 
Temperature (°C) 
Rubbery Modulus 
(MPa) 
Tg  Tg+50°C 
3wt%BMIMDCN + Epon®828 145 ± 3.5 49 ± 5 
5wt% BMIMDCN + Epon®828 134 ± 7.0 30 ± 10 
7wt% BMIMDCN + Epon®828 130 ± 2.0 28 ± 7 
9wt% BMIMDCN + Epon®828 120 ± 2.8 25 ± 9 
12wt% BMIMDCN + Epon®828 105 ± 9.0 20 ± 2 
20wt% BMIMDCN + Epon®828 68 ± 8.1 3 ± 0.5 
9wt% BMIMDCN + Epon®836 104 ± 6.0 29 ± 3 
9wt% BMIMDCN + Epon®1001F 83 ± 10.2 15 ± 8 
10mol% BMIMDCN +Epon®828 155 ± 1.9 51 ± 5 
10mol% BMIMDCN +Epon®836 123 ± 5.6 19 ± 4 
10mol% BMIMDCN +Epon®1001F 114 ± 9.0 19 ± 6 
3wt%1-2OHEMIMDCN + Epon®828 159 ± 8.4 50 ± 9 
5wt%1-2OHEMIMDCN + Epon®828 144 ± 7.0 33 ± 1.5 
7wt%1-2OHEMIMDCN + Epon®828 140 ± 3.0 26 ± 8 
9wt%1-2OHEMIMDCN + Epon®828 125 ± 3.8 15 ± 2 
5wt%1-3CNPMIMDCN + Epon®828 158 ± 9.2 61 ± 2.5 
9wt%1-3CNPMIMDCN + Epon®828 135 ± 8.1 31 ± 5 
15 mol% EMIMDCN + Epon®828 155 ± 4.6 61 ± 3 
15 mol% BMIMDCN+ Epon®828 143 ± 3.9 67 ± 2 
15 mol% 1-2OHEMIMDCN + Epon®828 147 ± 5.5 59 ± 9 
15 mol% 1-3CNPMIMDCN + Epon®828 153 ± 7.0 63 ± 1 
 
Table A-4: Glass transition temperature (Tg) and Rubbery modulus behavior of 
BMIMDCN, 1-2OHEMIMDCN, 1-3CNPMIMDCN cured DGEBA based epoxy resins. 
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Resin Mixture 
Molecular Weight between 
cross-links 
(g/mol) 
3wt%BMIMDCN + Epon®828 167  
5wt% BMIMDCN + Epon®828 269  
7wt% BMIMDCN + Epon®828 296  
9wt% BMIMDCN + Epon®828 330  
12wt% BMIMDCN + Epon®828 413  
20wt% BMIMDCN + Epon®828 2734  
9wt% BMIMDCN + Epon®836 409  
9wt% BMIMDCN + Epon®1001F 560  
10mol% BMIMDCN +Epon®828 161  
10mol% BMIMDCN +Epon®836 425  
10mol% BMIMDCN +Epon®1001F 437  
3wt%1-2OHEMIMDCN + Epon®828 164  
5wt%1-2OHEMIMDCN + Epon®828 250  
7wt%1-2OHEMIMDCN + Epon®828 319  
9wt%1-2OHEMIMDCN + Epon®828 558  
5wt%1-3CNPMIMDCN + Epon®828 133 
9wt%1-3CNPMIMDCN + Epon®828 267  
15 mol% EMIMDCN + Epon®828 128  
15 mol% BMIMDCN + Epon®828 116  
15 mol% 1-2OHEMIMDCN + Epon®828 132  
15 mol% 1-3CNPMIMDCN + Epon®828 124 
Table A-5: Molecular weight between cross links for different concentrations of 
BMIMDCN, 1-2OHEMIMDCN and 1-3CNPMIMDCN with different molecular weight 
of DGEBA based epoxy resins. 
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A.3.2.2 Polymer Thermal Properties 
 
Figure A.12 shows the corresponding weight loss curve that was conducted on 
DGEBA (Epon®828) cured with different amount of BMIMDCN using TGA. It is very 
clear from this plot that the decomposition temperature, Td, decreases with increasing 
BMIMDCN content. Table A.6 contains values for Td corresponding to these plots. All 
BMIMDCN cured DGEBA has Td above 270°C, which is lower than EMIMDCN cured 
DGEBA polymers (above 300°C). Table A.6 also lists Td of the 1-2OHEMIMDCN and 
1-3CNPMIMDCN cured Epon®828 polymers, which also parallels the behavior 
observed earlier in BMIMDCN/Epon®828 and EMIMDCN/Epon®828 system in 
Chapter 3. The same concentration of BMIMDCN cured different molecular weight of 
DGEBA shows an increase in thermal stability, which can be explain by Epon®836 and 
1001F has higher thermal stability compare to Epon®828. 
Figure A.13 contains the same concentrations (15 mol %) of IL with Epon®828, 
which all shows Td higher than 300°C. The char yield at 600°C of pure BMIMDCN, 1-
2OHEMIMDCN and 1-3CNPMIMDCN summarized in Table A.6. It was found that the 
char yield of the polymer increases with increasing IL concentration. This behavior 
exactly parallels with EMIMDCN/DGEBA polymer system that was discussed in chapter 
3. Therefore the thermal stability of a cured resin polymer strongly depends on the IL 
concentration and the molecular weight of the DGEBA used. 
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Figure A-12: The decomposition behavior of Epon®828 with different wt.% of 
BMIMDCN. (●) 3 wt. %; (■) 5 wt. %; (♦) 7 wt. %; (∆) 9 wt. %; (x) 12 wt.%; (♦) 20 wt. 
%. Td decreases with increasing concentration of BMIMDCN. But Td is > 300°C for all 
BMIMDCN concentrations. 
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Figure A-13: The decomposition behavior of Epon®828 with 15 mol% different ILs (●) 
EMIMDCN; (■) BMIMDCN; (♦) 1-2OHEMIMDCN; (x) 1-3CNPMIMDCN. Td is > 
300°C for all 4 Ils cured epoxy polymer. 
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Resin Mixture 
Decomposition Temperature (°C) Char Yield at 600°C 
Td % 
3wt%BMIMDCN + Epon®828 396 ± 2.5 11.0 
5wt% BMIMDCN + Epon®828 382 ± 5.1 11.0 
7wt% BMIMDCN + Epon®828 352 ± 6.7 12.0 
9wt% BMIMDCN + Epon®828 328 ± 7.2 15.0 
12wt% BMIMDCN + Epon®828 325 ± 8.0 17.0 
20wt% BMIMDCN + Epon®828 278 ± 5.2 17.0 
10mol% BMIMDCN +Epon®828 380 ± 9.5 13.0 
10mol% BMIMDCN +Epon®836 381 ± 5.9 13.0 
10mol% BMIMDCN +Epon®1001F 391 ± 10.0 11.0 
3wt%1-2OHEMIMDCN + Epon®828 366 ± 2.0 7.0 
5wt%1-2OHEMIMDCN + Epon®828 357 ± 8.9 8.0 
7wt%1-2OHEMIMDCN + Epon®828 354 ± 2.6 13.0 
9wt%1-2OHEMIMDCN + Epon®828 342 ± 3.3 14.0 
5wt%1-3CNPMIMDCN + Epon®828 363 ± 7.2 13.0 
9wt%1-3CNPMIMDCN + Epon®828 351 ± 2.1 15.0 
15 mol% EMIMDCN + Epon®828 388 ± 3.0 15.0 
15 mol% BMIMDCN + Epon®828 383 ± 6.2 14.0 
15 mol%1-2OHEMIMDCN + Epon®828 369 ± 2.2 15.0 
15 mol%1-3CNPMIMDCN + Epon®828 378 ± 7.5 15.0 
BMIMDCN 277 ± 5.8 15.0 
1-2OHEMIMDCN 218 ± 6.3 13.0 
1-3CNPMIMDCN 255 ± 2.2 31.0 
Table A-6: The decomposition temperature, Td, at 95 wt.% initial weight and char yield 
at 600°C for pure BMIMDCN, 1-2OHEMIMDCN and 1-3CNPMIMDCN, and cured 
DGEBA based epoxy resins. 
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A.4 Chapter Summary 
 
The overall objective of this work is to obtain a better understanding of epoxy 
termosets prepared using imidazolium dicyanamide based RTILs as latent initiators.  The 
aim of this chapter was to evaluate the processing and material characteristics of these 
tailored structures of new class of latent epoxy system. 
The processing behavior of IL-DGEBA mixtures with IL was assessed by 
measuring viscosity, cure behavior, and the heat of reaction for resin mixtures with IL 
content up to 20 wt.%.  This allowed for the appropriate selection of a cure schedule for 
making cured epoxy samples for mechanical characterization.  Moreover, the results of 
these experiments show that the IL-DGEBA system has excellent processing 
characteristics and similar to EMIMDCN/DGEBA system. 
The addition of BMIMDCN to DGEBA (Epon®828) results in slight increase of 
room temperature viscosity at low BMIMDCN concentration (<3 wt.%) and very 
significant decreases at higher BMIMDCN concentration, for example more than a 75% 
decrease of Epon®828 viscosity when 20 wt.% BMIMDCN is used.  This behavior is 
helpful in polymer composite fabrication where low viscosity helps infiltration.  The 
viscosity increase at low BMIMDCN concentration was attributed to strong interactions 
between the BMIMDCN and the hydroxyl group found on the DGEBA.  This same 
observation was observed in chapter 3 with EMIMDCN/Epon®828 system.  
Dynamic DSC experiments were conducted to evaluate the cure behavior of IL-
Epon®828 systems.  A two-stage cure is observed in all cases of BMIMDCN/Epon®828.  
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But two-stage wasn’t clear in 1-2OHEMIMDCN and 1-3CNPMIMDCN/Epoxy system. 
The heat of reaction per gram of mixture ranged from 598 J/g to 537 J/g with a general 
trend showing a decrease with increasing IL concentration.   When calculated using 
moles of epoxy moiety consumed as a basis, the heat of reaction varies from 97 J/mol to 
109 J/mol with a trend showing higher heats of reaction with increasing IL concentration.  
This suggests that the adduct formation reaction could be slightly more exothermic than 
propagation reactions. Nevertheless, the values obtained are consistent with those found 
in the literature for epoxy polymerization.   
The thermo-mechanical behavior of the IL-DGEBA systems was assessed by 
measuring storage modulus and Tg, using DMA, as well as by obtaining thermal stability 
for systems in which IL concentration was varied up to 20 wt.% and the DGEBA 
molecular weight was varied form 372 g/mol to 1096 g/mol. 
The dynamic mechanical behavior for the range of compositions investigated 
shows that a single sharp glass transition is observed in all cases suggesting a 
homogeneous material absent of phase separation.  Except for lower concentrations of 
BMIMDCN, the glassy modulus at room temperature was generally found to be greater 
than 2 GPa.  For the systems investigated the Tg as measured by the peak in loss modulus 
ranged from of 145°C to 68°C for BMIMDCN cured polymers.  Generally, for a given 
DGEBA, the Tg was found to decrease with increasing BMIMDCN concentration.  
Increasing DGEBA molecular weight resulted in lower Tg for systems cured using the 
same molar or weight fraction concentration of BMIMDCN.  
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To say the least, same family of ILs (EMIMDCN, BMIMDCN, 1-
2OHEMIMDCN and 1-3CNPMIMDCN) demonstrated similar cure behavior and 
properties in epoxy chemistry. 
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APPENDIX B. I-BUTYL-1-METHYLPYRROLIDINIUM DICYANAMIDE 
WITH EPON®828 
 
 
 
 
Figure B-1: DMA analysis of BMPIDCN with Epon®828. (○) 5 wt.% BMPIDCN; (□) 9 
wt.% BMPIDCN 
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Figure B-2: DSC analysis of BMPIDCN with Epon®828. (○) 5 wt.% BMPIDCN; (□) 20 
wt.% BMPIDCN 
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APPENDIX C. 1-ETHYL-3-METHYLIMIDAZOLIUM DICYANAMIDE 
ADDUCT WITH EPON®828 
 
 
 
Figure C-1: DSC Isothermal studies on 10 wt. % EMIMDCN-Adduct with PGE. 100°C 
(●); 110°C (■) and 120°C (♦). 
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APPENDIX C: NMR SPECTRA 
 
 
 
 
Figure D-1: 
1
H-NMR Spectra of Phenyl Glycidyl Ether (PGE) 
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Figure D-2: 
1
H-NMR Spectra of 1-ethyl-3-methylimidazolium dicyanamide 
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Figure D-3: The
 1
H-NMR of the PGE: EMIMDCN = 1:1 molar mixture before the 
reaction at RT between peak positions of 6.5 – 10 ppm. 
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Figure D-4: The 
1
H-NMR of the PGE: EMIMDCN = 1:1 molar mixture after reaction at 
120°C at 2 hrs between peak positions of 6.5 – 10 ppm. 
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Figure D-5: The 
1
H-NMR of the superimposed spectra of PGE: EMIMDCN = 1:1 molar 
mixture before and after reaction between peak positions of 6.5 – 10 ppm. 
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Figure D-6: The 
1
H-NMR of the PGE: EMIMDCN = 1:1 molar mixture before reaction 
at RT between peak positions of 1.2 – 4.6 ppm. 
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Figure D-7: The 
1
H-NMR of the PGE: EMIMDCN = 1:1 molar mixture after reaction at 
120°C at 2 hrs between peak positions of 1.2 – 4.6 ppm. 
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Figure D-8: The 
1
H-NMR of the superimposed spectra of PGE: EMIMDCN = 1:1 molar 
mixture before (▬) and after (▬) reaction between peak positions of 1.2 – 4.6 ppm. 
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APPENDIX E: NEAR-IR SPECTRA 
 
 
 
 
 
Figure E-1: Near-FTIR Spectra of Phenyl Glycidyl Ether (PGE) 
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Figure E-2: Near-IR spectra of (▬) EMIMDCN and (▬) BMIMDCN comparison to 
determine ethyl and methyl peaks. 
 
 
 
 
 
 
Ethyl Butyl 
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Figure E-3: Near-IR spectra of (▬) BMIMDCN and (▬) BMIMTFB (1-butyl-3-
methylimidazolium tetrafluoro borate) comparison to determine dicyanamide anion peak. 
 
 
 
 
 
dicyanamide 
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Figure E-4: Near-IR spectra of (▬) BMIMDCN and (▬) BMPIDCN (1-ethyl-1-
methylpyrrolydinium dicyanamide) comparison to determine imidazolium cation peaks. 
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Figure E-5: Near-IR Spectra of 1-ethyl-3-methylimidazolium dicynamide (EMIMDCN) 
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Figure E-6: Near-IR spectroscopy of epoxy conversion of PGE: EMIMDCN = 1: 1.5 
moles at (●) 90°C; (■) 100°C; (▲) 110°C; and (♦) 120°C and water conversion at (○) 
90°C; (□) 100°C; (∆) 110°C; and (◊) 120°C 
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Figure E.6 shows the reaction conversion of epoxy as well as the water peak 
changes of PGE: EMIMDCN = 1: 1.5 molar concentrations with respect to time at 
different isothermal temperature analyzed by Near-IR.  Graph clearly shows that the 
water peak decreases as the reaction proceeds as epoxy gets converted. But an interesting 
observation is noticed during the isothermal reaction, the initial slope of the epoxy 
conversion for the first 35 – 40 % of the conversion is small and during this time water 
peak decreases dramatically and becomes constant around 40 – 55 % conversion. Once 
the water peak conversion became constant then the second epoxy slope get deeper and 
conversion gets faster. This explains that the waster influences the epoxy reaction by 
reducing the epoxy conversion. Again, it is noticed when water conversion gets faster 
with increasing isothermal temperature of the reaction. Table E.1 summarizes peak height 
of water for known water spiked samples. It clearly proven after reaction samples has 
almost same peak height, this explains water was reacted during reaction. 
 Composition 
Peak Height 
Before 
Rxn. 
After 
Rxn. 
PGE-EMIMDCN 1-1 mol 0.0092 0.0071 
0.1 wt% H2O + PGE-EMIMDCN 1-1 mol 0.0096 0.0071 
0.5 wt% H2O + PGE-EMIMDCN 1-1 mol 0.0124 0.0064 
1 wt% H2O + PGE-EMIMDCN 1-1 mol 0.0155 0.0066 
 
Table E-1: Peak height comparison of water spiked experiments with PGE and 
EMIMDCN before reaction and after reaction. 
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Figure E-7: Epoxy conversion of PGE:EMIMDCN:H2O at 1:1.5:0.1 mol at experimental 
isothermal temperatures of 90°C (●), 100° C (■), 110°C (▲) and 120°C (X) and model 
curve fit at 90C (▬), 100C (▬), 110C (▬) and 120 (▬).   
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APPENDIX F : DSC SCAN 
 
 
 
Figure F-1: DSC scans of different concentration of 1-2OHEMIMDCN with Epon®828. 
(▬) 3 wt.%;  (▬) 5 wt.%; (▬) 7 wt.%; (▬) 9 wt.%; (▬) 12 wt.%; (▬) 20 wt.%; 
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Figure F-2: DSC scans of different concentration of 1-3CNPMIMDCN with Epon®828. 
(▬) 5 wt.%; (▬) 9 wt.%; (▬) 20 wt.%; 
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Figure F-3: DSC scans of different concentration of HMIMCl (1-hexyl-3-
methylimidazolium chloride) with Epon®828. (▬) 6 wt.%; (▬) 9 wt.%;  
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Figure F-4: DSC scans of different concentration of BMPIDCN (1-butyl-3-
methylpyridinium dicyanamide) with Epon®828. (▬) 1 wt.%; (▬) 6 wt.%;  (▬) 10 
wt.%; (▬) 15 wt.%; (▬) 20 wt.%; 
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APPENDIX G: DMA SCAN 
 
 
 
Figure G-1: DMA scans of different concentration of 1-2OHEMIMDCN with 
Epon®828. (▬) 5 wt.%; (▬) 7 wt.%;  (▬) 9 wt.% 
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Figure G-2: DMA scans of different concentration of 1-3CNPMIMDCN with 
Epon®828. (▬) 5 wt.%; (▬) 9 wt.%; 
 
 
  
200 
 
 
 
 
 
Figure G-3: DMA scans of different concentration of EMIMDCN with Epon®836. (▬) 
1 wt.%; (▬) 5 wt.%; (▬) 9 wt.%; 
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APPENDIX H: MID-IR SCAN 
 
 
 
 
 
Figure H-1: Mid-IR spectra of PGE: EMIMDCN of 1:1 mol at 120°C for 2 hrs between 
the wavelength of 800 to 950 cm
-1
. ( ▬ ) 2 mins; ( ▬ ) 15 mins; ( ▬ ) 30 mins; ( ▬ ) 40 
mins; ( ▬ ) 60 mins; ( ▬ ) 80 mins. Isothermal studies show the disappearance of epoxy 
peaks. 
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Figure H-2: Mid-IR spectra of PGE: EMIMDCN of 1:1 mol at 120°C for 2 hrs between 
the wavelength of 1400 to 1800 cm
-1
. ( ▬ ) 2 mins; ( ▬ ) 15 mins; ( ▬ ) 30 mins; ( ▬ ) 
40 mins; ( ▬ ) 60 mins; ( ▬ ) 80 mins. Isothermal studies show the formation of the 
carbonyl peak. 
 
  
Aromatic C to an 
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group) 
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Figure H-3: Mid-IR spectra of PGE: EMIMDCN of 1:1 mol at 120°C for 2 hrs between 
the wavelength of 2000 to 2300 cm
-1
. ( ▬ ) 2 mins; ( ▬ ) 15 mins; ( ▬ ) 30 mins; ( ▬ ) 
40 mins; ( ▬ ) 60 mins; ( ▬ ) 80 mins. Isothermal studies show the dicyanamide peak 
not changed during reaction. 
 
dicyanamide 
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Figure H-4: Mid-IR spectra of PGE: EMIMDCN of 1:1 mol at 120°C for 2 hrs between 
the wavelength of 2800 to 3500 cm
-1
. ( ▬ ) 2 mins; ( ▬ ) 15 mins; ( ▬ ) 30 mins; ( ▬ ) 
40 mins; ( ▬ ) 60 mins; ( ▬ ) 80 mins. Isothermal studies show the formation of 
hydroxyl peak and the disappearance of aromatic C-H stretch. 
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APPENDIX I: TGA SCAN 
 
 
 
 
 
 
Figure I-1: TGA scans of different concentration of 1-2OHEMIMDCN with Epon®828. 
( ▬ ) 3 wt.%; ( ▬ ) 5 wt.%;  ( ▬ ) 7 wt.%; ( ▬ ) 7 wt.%; Td decreases with increasing 1-
2OHEMIMDCN content. 
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Figure I-2: TGA scans of different concentration of 1-3CNPMIMDCN with Epon®828. 
(▬) 5 wt.%;  (▬) 9 wt.%; Td decreases with increasing 1-3CNPMIMDCN content. 
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Figure I-3: TGA scans of different concentration of EMIMDCN with Epon®836. (▬) 1 wt.%;  
(▬) 5 wt.%; (▬) 9 wt.%; Td decreases with increasing EMIMDCN content. 
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APPENDIX J: LATENCY PICTURES 
 
 
 
 
 
 
 
Figure J-1: Latency studies of Epon®828 with 9 wt.% EMIMDCN at 25°C. (A) 1
st
 day; (B) 4 
weeks; (C) 6 weeks; (D) 8 weeks. For one month no change in the color and viscosity of the 
resin mixture. 
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